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The Economic Efficie ncy of I nte r- Basin Tran sfer s of 
Agricultural Wate r in Utah : A Mathematical Programming Approach 
by 
John Keith, Doctor of Philosophy 
Utah State University , 1973 
Major Professor : Dr . Jay C. Andersen 
De partme nt: Economics 
The economic efficiency of water deve lopment in Utah, including 
transfer systems, has seldom been examined, nor has the costs of publi c 
policies which r esult in deviations from efficient allocations. In order 
that public officials be better informed about water allocations , the 
present effort examines the efficient allocation of wate r in time f rames 
up to 2020 under several alternative as sumpti ons and calculates the cost 
of alternative policies . 
Us ing mathematical programming techniques, a computer mod e l is 
developed to determine the supply (marginal cost) and demand (value of 
marginal product) relationships for agricultural water, given dep l etions 
for municipal and industrial (M & I) and wetland requirements. The model 
maximi zes net profit per acre t o an average agriculturalist in each of t en 
study a reas in Utah. Proposed i nterbasin transfers and their costs ar e 
included in supply. The optimal soluti on gene rated is an efficient 
allocation, since maximization of net profits occurs only when value of 
marginal product equals marginal cost. 
The r equi r ements for M & I wa ter are projected into the future us i ng 
trending and probable industrial development. An efficient allocation 
~i 
(optimal solution) is ge ne rate d by th e model f or 1965, 1980, 1990, 2000, 
2010, and 20 20. Th e timing of investments in wate r di s tribution sy stems 
can be detennined from th e se solutions. 
Using alternative assumptions about policies (minimum inflows to Great 
Salt Lake and water salvage) several alternative temporal distributions are 
determined. Additionally, the e ffect of restrictions on groundwater pumping 
(present levels of storage must be maintained) are examine d. The costs to 
users in higher supply curve s (marginal costs) are approximated by areas 
between supply curves. In addition, losses to agricultural use rs from 
diminished efficient new production can be approximated. 
The critical factors in large proposed water transfe rs in Utah appear 
to be the growth of M & I requirements along the Wasatch Front, particularly 
in the Jordan River Basin. Sufficient water is available in the Colorado 
River Basins to provide maximum transfers, full oil shale and power 
generation development, and efficient agricultural production. Restrictions 
on groundwater pumping and water salvage in the Jordan River Basin and 
maintenance of high inflows to Great Salt Lake make transfe rs ne cessary 
sooner. The costs of such restrictions approaches 25 percent of th e total 
investment by agriculture in transfer systems. If no r e strictions are made, 
but investment in these systems occurs now, a loss of foregone returns to 
alternative investment equal to about 70 percent of the total agricultural 
investment is incurred by society. 
(216 pages) 
INTRODUCTION 
The population centers of the Intermountain Wes t are largely in the 
desert areas of the region. These de serts are characterized by dry, 
warm summers and cold, relatively wet winters. Often, the edaphic 
characteristics are very suitable to agricultural purposes, but available 
water is the resource which limits agricultural development (Pacific 
Southwest Inter-Agency Committee, Main Report, 1971). Water scarcity 
has resulted in the proliferation of legal instruments and other 
institutional constraints concerning rights to water. Moreover, the 
deve lopment of water resource s has taken on an almost religious aura to 
residents of the region, without regard to the productivity of that deve l op -
ment in society, either at th e local or national level. 
Recently, challe nges to water developments and to the complex 
institutional system of governing water distributions have appeared f r om 
various groups, many of whom use arguments which are as analytically 
unsound as the developers'. Objective investigation of the costs and 
benefits which accrue to water and water development in the Intermounta in 
West are r equired for economically efficient allocation policies . 
STUDY AREA AND PROBLEM 
Utah has been divided into t e n physiographic hydrologic study units 
(HSU's), each of which comprises a major drain8ge system. Within ea ch of 
thes e units, water demands include all four major uses (agricultural, 
municipal, industrial, and wetland). The water resources of these unit s 
are interrelated either by common drainage basins or by proposed inter-
basin transfers of the Central Utah Project. The eastern hydrographic 
units, Uintah, West Colorado, South and East Co lorado, and Lowe r Colorado 
units, drain into the Colorado River, and are known collectively as the 
Colorado River Basin. The Wasatch Front units, Bear River, Great Salt 
Lake Desert, Weber River, Jordan River, Sevier River, and Cedar-Beaver 
units are known collective ly as the Great Basin, even though they do not 
all drain into the Great Sa lt Lake Basin. Utah does contain a small, 
spar•ely populated hydrologic unit which drains into the Snake River of 
the Co lumbia River Basin, but the relative isolation of that unit is 
sufficient to ignore its effects on Utah water planning (Division of Water 
Resources , 1970) (See Figure 1). 
The State of Utah, particularly those agencies charged with developing 
a state water management plan, is faced with seve ral policy issues which 
involve planning for water use and provision for future requiremen ts. 
Several aspects of water allocation must be examined in order that Utah's 
planners can determine impacts of various public polici es on water use. 
Of particular interest in this study are the economic effects of limite d 
groundwater pumping, potential use of the inflows into the Great Sa lt Lake, 
development of water salvage practices , and the investmen t in water 
transfer systems such as the Central Utah Project. These policies are 
Figure l. Map of Hydrologic Study Units of l' tah 
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economically analyze d by comparing the va lue of water with its product ion 
cost, including transfer and distribution. 
Fo r this study, the demands fo r wate r in ea ch HSU have been divide d 
in to three categories: agricultural, municipa 1 and indus tria 1 (M & I), 
and we tland. Agricultural demand arises from the application of water to 
agricultural production. M & 1 demand is a conglomerate of the requirements 
fo r culinary, industrial, and other urban uses. Wetland demands are more 
elusive; recreation, aesthetic, waste sink, and other uses are made of 
wetlands in Utah, and much of the water is simply waste water or 
agricultural runoff which collects in marshes, lakes and other areas. 
The Central Utah Project ha s been planned by the Bureau of Reclamation 
to transfe r water from the Uintah Basin (HSU 7) to the Wasatch Front 
(HSll 's 3, 4, and 5). The Project will utilize new collection sys t ems and 
enlarge existing impoundments on the eastern slopes of the Wa satch F.ront. 
These impounded wate rs would be transported to tl.e Wasatch Front using 
tunnels and improved waterways. From the major distribution point, sma ller 
canal systems would be used to transfer water into impoundments and 
distribution systems along the Wasatch Front to meet requirements of all these 
uses in HSU's 3, 4, and 5 now and in the future 1 (U. S. Bureau of 
Reclamation, 1964). 
1Atso see the individual project information publications by the 
Bureau of Rec lamation for details on these transfers in the Central Ut ah 
Project. 
STUDY OBJECTIVES 
TI1is stt1d y is unde rtake n to examine the economic efficiency of th e 
proposed inter-basin transfers of water. Economic efficie ncy is said to 
exist when water cannot be tran sfe rred to other a r eas or uses and add to 
the total value of water. The decision to develop the Central Utah 
Project is only partly dependent upon economic efficiency criteria, however. 
Other goals of public officials may or may not be achieved concomitantly with 
the economic efficiency. In any e vent, the costs of deviations f r om 
economically efficient allocation of water should be included in the 
decision maker's information. In order to critically examine alternative 
policies, the efficien t al location of water must be determined initially . 
Then the results of alternative assump tions about policy can be compared to 
the initial efficient allocation. 
The specific objectives of the study are: 
1. To determine the present economically efficient allocation 
of water among HSU's in Utah, given the profit-generating 
objective function and ph ysical and economic constraints of 
the specific model; 
2. To determine changes in these efficient allocations given 
alternative projections of demographic changes and policy in Utah; 
3. To estimate the economic costs of using alternative me thods 
of producing water for Utah users which are economical l y 
inefficient; and 
4. To estima te economic costs of mistiming investments in 
transfer facilities. 
PROCEDURE 
In ord er to examine the efficient allocations of water over a large 
area and among several us es which include variable productivities, 
mathematical programming is used. 
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The programming model is constructed to contain supply r elationships 
and costs for water, including the Central Utah Project costs. Demand 
for water, in the fo rm of value or marginal product relati onships, a r e 
also included . A maximization of net profit is developed so that the 
model solutions will be efficient (that is, that marginal cost will be 
equated with marginal value product as nearly as the model is able). 
Since non-linear programming is very costly in terms of computer time, 
linear es tima tions of productivities, costs and places, and water 
provisions are used for the most part. Assumptions of the linearity of 
r e lationships does , however, distort the model somewhat, as well as make 
the solutions "lumpy" or stepped. 
The use of mathematical programming does facilitate examina tion of 
potential future occurences or alternative assumptions in that appropriate 
variables and constraints may be automatically altered and a solution 
generated for the altered assumptions. A "time series" of such solutions 
enables an analysis of the efficient solutions. A comparison of solutions 
helps an ap proximation of costs to users of various restrictions on 
water use. 
The steps in this analysis are: First, to define a general theory or 
mode l which will apply to the allocation of any resource as between uses 
and regions ; second, to apply that theory to transfers of agricultural 
water in a mathematical programming model in order to achieve an 
approximation to the specific problem, given the time and monetary con-
straints of the resea rch; and third, to use the results of the specific 
model to calculate the economic costs of some possible alternative public 
policies concerning distribution and use of the resources. 
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GENERAL ALLOCATION THEORY 
l n per fe ctly compe titive marke t s , assuming no ex t e rnalities , the 
effic i e nt a ll ocati on of any scar ce resource to produc tion o f some pr oduct or 
group of products r equir es that the marginal cost (MC) of that r e source be 
equal to its value of the marginal product (VMP). Further, if that sca r ce 
r esource is to be allocated optimally between competing use s, the VMP of the 
r e source in production must be equal a s among all competing use s (Gis ser, 1969 ) . 
If a give n resource is utili ze d in two pursuits, one of which has a lowe r VMP 
(disequilibrium in a competitive market), then efficiency would require a 
shift in use until the value of marginal product i s equal among the compe ting 
uses. If a r e source is to be transported from one region to another, the same 
effici enc y criteria apply, assuming constant and e qual income and other 
price s between regions. The VMP of th e resource must be sufficie ntly high 
in the r e ce iving r egion to compensate fo r the marginal costs of production 
and transfer costs. Fur t her, the VMP in the receiving region, net of 
transfer costs, must e qual that in the supplying region. Otherwise, 
reallocations of the resource will y i e ld increased returns. The demand 
curve is simply the VMP of various l evel of a given input in the given use 
in a given area. The supply curve is simply the marginal costs (MC) of 
producing the resource or input, ceteris paribus. The development 
efficiency conditions are met at the intersection of the supply and total 
demand curves . A movement along the supply or demand curve toward 
equilibrium is an efficient movement. 
Figure 2 is a graphic i llustration of the in-region efficient 







Figure 2. Demand and Supply Be tween Competing Uses, HSU 1 
Pi the equilibrium price in the ith HSU; 
X 
th th the demand for water from the k HSU for th e J use (or 1 the production of the jth bundle of commoditie s) 1n the it 1 
HSU . ~. can be used interchangeably with VMP~. ; lJ lJ 
quantity of water from the kth HSU pu<chased by the jth use 
in the ith HSU; 
supply ?f water from the kth HSU; Sk can be used interchangeably 
with Mck; 
indicates~ supply or demand; and 
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where 
i, k = 1, ... , 10 and r ep r es0nt the HSU number (See Appendi x 1) and 
usc 1 , 2, J wl1crc 
agricul ture 
M & I 
wet land 
Taking the demand curve s fo r each use , and summing those demands into 
k 
one total demand curve for a given HSU (Di, TOT), when equated t o the 
supply curve, will y ield the price t o be paid and the efficient allocations 
k 
as be tween uses within the HSU of the total wa t e r (Qi' TOT). Note that a t 
every price l e ss than P1 , the re exists an excess demand for wate r , where 
1 Figure 3 illustrates that excess demand curve. 0x, TOT = 01, TOT 
1 DX,TOT is the r e l evant demand for transferred water in HSU 1 and it 
should be added to all other demands i n the HSU from which water is to be 
trans fe rred (HS U 2) . 
Any transfer costs (T) must be netted out f r om this excess demand to 
2 yield the demand for water from HSU 2 in HSU 1 ; mathematically, Dl, TOT 
1 DX,TOT- T. Figure 4 indicates the eff icient allocation in HSU 2 . The 
price es tablished in HSU, P2 , plus the transfer cost, will be the e quili-
brium price in Hsu 1, a nd will dete rmine water allocations in HSU 1, a s 
indicated in Figur e 5 . 
2 0 h Q2 ,TOT ts t e water allocated t o HSU among uses in HSU 2 a s indicated . 
Qi,TOT is the water transferred from HSU to HSU 2. The total water in 
l + Q2 HSU 1, Ql,TOT l,TOT' is allocated among uses as indicated. The net VMP 
in HSU 1 (oi,roT- T) is equal to the VMP's in all uses in HSU 2, and 
the VMP's of each use in HSU are greater than those of HS U 2 by exactly the 
transfer costs. The ex tension of N uses and N regions is gr aphically 
11 
Pr ice 
1 01, TOT 
Quantity 
Figure 3. Exces s Demand in HSU 1 
Price 
2 Q2,TOT 








l 01, TOT 
1 2 
Ql,Tar ~l,TOT Quantity 
Figur e 5 . Efficient Allocation in HSU 1. 
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laborious, hut mathematically straightforwa rd . The identical so lu tions 
as proposed on the demand side can be r eached by using an excess supply 
2 52 - 2 curve (SX o2 , TOT above i n the in-region equi librium in I!SU 2) , 
summing it horizont a lly with s1 , and taking the equi librium, as Gisse r (1969) 
shows in a tax analysis. Figures 6 and 7 illustrate the approa ch from 
the supply side . 
If complementarity of ou tputs r esu lts from the r esour ce tra nsfer s, 
then the measur e of cos ts and benefi t s to all the products of the transfer s 
must be included in the analysis. The analy s is of joint products a ppl ies 
to this complementarity. The benefits and costs whi ch accrue to other 
products are ne tted from those of the output in question (Gis se r, 1969, 
pp. 184-185). The residual cost (total cost ne t of joint costs) is 











1(1, 2 ,3 ) Ql,TOT 
Quantity 
Figure 7. Efficient Allocation in HSU 1 Using 
Excess Supply . 
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FEASIBILITY AND COSTS OF TRANSFERS 
~1ile the allocation model describes the efficient utilization of 
agricultural water, including transfer facility size, it does not determine 
the feasibility of a given governmental project. Economic feasibility is 
achieved when total economic benefits are greater than or equal to costs. 
In long-lived projects, as many governmental and other water distribution 
pr ojects are, discounted surpluses must be compared with discounted costs . 
It is not the purpose of this study to determine feasibility, particularly 
in view of the truncated horizon which the projections of water use impose 
(no projections are made past 2020 A.D.). 
Deviations from efficient allocations do, however, impos e economic 
costs on society. These costs may be calculated using the model, subject 
to the distortions inherent in the assumptions made. Further, there should 
be no implied requirement for public decision makers to achieve economic 
efficiency; it is only one goal among many social goals of public policy. 
This study, and economic efficiency studies in general, should delineate 
the costs of deviations from efficiency as only one criterion , albeit an 
important one, on which to judge public decision-making. 
The deviations from efficient allocation of water in Utah to be 
analyzed fall into two categories. First, investments in transfer 
facilities may be made earlier than necessary. Second, institutional 
constraints may restrict development of low-cost water supplies. These 
two categories are not unrelated since r estricted use of locally avai l able 
water may require early investment in transfer facilities; the two will 
be treated separately for convenience . Assume that there a r e two available 
18 
a lte r native sources of wa t e r yielding the margjnal cost cu rves in F' i gu re 
of S ~ _ and s1 The tota l MC curve i s a hori zontal 
Sur lace W.:1 t<'r Gr oundw;t tPr. 
surrmation of the cu r ves , as i n Figure 8 [ s 1 : (s 1 + s 1 )] Groundwater Surface Wate r · 
Price 
sl 




s1 1 Groundwater 
I 
I 
Figure 8. Surface Wate r Supply 
ant1ty 
Further assume a supply curve for transferred water from HSU 2 to HSU 1 
as si in Figure 8. 
The total available supply curve of water in HSU 1 is the horizon tal 
1 2 
summation of all three curves, t e rmed S + s1 in Figure 8. Note that the 
upward sloping si curve is only one "shape" which might be expec t ed . The 
curve could very well be downwar d sloping or horizontal ove r some inter val 
of quantity. 
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Given demand curves fo r the wate r in HSU 1, timing of the development 
of each phase of water provision may be indicated. Theoretically, the 
nex t most expensive water provision would be developed at a time when the 
present va lue of the benefits foregone by not developing (by experiencing 
higher th an the lowest potential marginal costs) are equal to or become 
gr ea ter than the costs of providing facilities (that is, the investment 
cost). No te that the transfers occur in Figure 8 when a demand curve 
intersects th e s1 + S~ curve beyond the point where S~ en ters the sum. Not 
deve loping facilities results in a loss of benefits equal to the ar ea 
bounded by the demand curve, 1 1 2 S and (S + s1). As demand shifts rightward 
over time, the annual losses in benefits increases. When the present value 
of these losses equals the investmen t cost, the prope r investment timing 
is determined. Practically, this optimum is difficult to determine, 
2 particularly if the s1 cu r ve shifts over time as a result of increased 
demand (scarcity of excess supply) in the transferring unit . An arbitrary 
assumption of optimal timing may be assumed instead to facilitat e analysis, 
as l ong as the direction of bias is noted. By using these supp l y and 
demand curves, costs of inefficient public policies may be examined. 
Cost of institutional constraints 
If institutional constraints impose a restriction on use of locally 
available wate r, then the use of alternative sources of water (transfe rs of 
water in this case) results in a higher marginal cost to us ers assuming 
the curves in Figure 9. There is a concomitant loss in producer ' s and 
consumers' surplus, for the given time period (indicated in Figur e 9 by 
the crosshatched area). The producers' surplus loss is the area bounded 
below by s1 , above by S~ and .right by D~,T0T " 1 As the Dl,TOT curve shifts 
QConstrained QUnconstrained 
1 01,TOT 
Figure 9. Losses Du e to Institutional Constraints 
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rightward over time, the annual loss of producers' and consumers' surplus 
will increase . The crosshatched area can be calculated by the difference 
between the cost (supply ) curves up to the Qconstrain ed' Th eore tically , the 
area is the difference between the integrals of the two supply curve s; 
these integrals would have to be take n between discontinuity points. 
There is a further loss of consumers' and producers' surplus which 
results from decreased output (decreased input use), and is equal to the 
doubly crosshatched area in Figure 9. This area is equal to the diffe r ence 
21 
between the integral of the demand curve and that of the (s 1 + si), or 
tot3l, supply curve. 
Each annual loss can be e stimated and discounted to determine the 
pres ent value of foregone economic benefits due to maintenance of 
restri ctive institutions. No accoun t has been taken of the losses suffer ed 
in the transferring HSU, whose producers must pay a higher price for in situ 
water as a r esult of increased demand, Therefore, the present values of 
losses discussed above is an underestimate of the total cost of institutional 
constraints. 
Costs of inefficient investment 
If no institutional restrictions on use exis t, then the agricultural 
supply curve for HSU 1 in time period 1 is the sum of ground water, surface 
. 1 
water, and transferred water supply curves, as in Figure 10, w1th Dl,TOT 
the appropriate VMP curve. Note that no transferred water is purchased at 
the efficient price, 
1 Incr easing M & I and wetland demands will shift the Dl,TOT r ightward, 
1 1 1 II 
These shifts are indicated by the Dl,TOT and Dl,TOT curves for time periods 
two and three, respectively, in Figure 11. Th e transferred water is not 
purchased by agricultural users until after time pe riod three (when 1' ' 01,TOT 
intersects the sl curve at the point where si begins to enter the sl sum). 
Any investment in transfer facilities prior to the time pe riod required to 
delive r water in time period four and beyond yields no return, in that the 
facilities are idle. The annual benefit which might accrue to the best 
alternative use of the investment funds is the opportunity cost; that is, 
the economic costs to society of early investment. 
22 
1 Ql,TOT Quantity 
Figure 10 . Efficient Allocation in Time Period 1 
1 1 1 1" 
Ql,TOT Ql ,TOT Ql,TOT 
1'' 0 1,TOT 
Figure 11. Efficient Alloca t ions Over Time 
Quantity 
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SPECl FIC MODEL 
The specific model is deve l oped to include wa t er demand and s upply 
relationships which are included in a mathematical programming fo r mat . 
In orde r to construc t a model which is both feasible and usable fo r 
research on Utah wate r a llocations , several assumptions and simplifications 
ar e made. Each has the effec t of changing the gener al model . Wh e ther 
these simplifications are warranted is an a r guable matter. The assumptions 
and simplifications are set ou t below. The effect on the gene r al model 
is indica t ed. 
Programming mode 1 
Mathematical programming is chosen as the ana l ytical techni que because 
it is one of the more effective means of manipulating large numbers of 
variables and equa t ions to achie ve the optimiza ti on of some obj e ctive 
function {Hadley , 1962). 2 Ma t hematica l programming has been use d f or 
modeling wate r r esource allocations, although usually with smal l er mod e ls 
(Gisse r, 1970; Hall, et.al . , 1967; Howes, 1966) . The solution of t he 
mathematical progr amming yie ld s a dual variable value wh ich is the shadow 
price . This shadow price is equiva l ent t o the LaGrang i a n multiplie r a nd 
r epr esents the margina l cost or va lue of a given variable as i t derive s 
f~om the objective function. 
2The gene r a l statement 







mathematical progr am is: Ma ximi ze z ex, {Minimize ) 
the value of the objective function. 
an (lxN ) vec tor of r e turns (costs), c . 
a n (Nxl) vec tor of variables, x . 1 
a (Mxl) vector of ri gh thand sid~ values , b. 
a (MxN) matri x of coefficients, a. of the J 
N variables in M equa tions {N ~ M): 
Mathematical programming has some definite disadvantages. Non-linear 
constraints and objective functions require extensive additions to the 
number of variables, so that strictly linear programming is most desirable 
from cost and time standpoints. The degree to which given linear r elation-
ships approximate the r eal world and distort the general model is open to 
debate. The size of the model dictates the use of a computer, but the cost 
of manipulating large models imposes a constraint on the scope of the model. 
Dynamic programming of a large mode l is difficult and costly so that 
alternative approaches, such as parameterizations, must be taken to 
introduce dynamic factors. The exclusion of some variables from dynamic 
analysis abstracts from reality and may cause distortions in the problem 
solutions. Finally, the coefficients and relationships are drawn f rom 
stochastic data, but stochastic problems are ignored. The effect of the 
variab i lity of the coefficients is not determined a nd might conceivably 
a lter inferences drawn from problem solutions (Hadley, 1962, pp. 483-487) . 
The constraints and objective func t ion used in this modelling effort 
are listed in Appendix l(c) (BCDOUT), with descriptive indexes for 
variables and constraints in Appendix l{a) and (b). 
Coefficients which are a ppli ed to the variables are indicated in th e 
columns section of Appendix l{c). These coefficients are listed by 
variable (column) as they ap pear in the constraints (rows). If no 
coefficient is listed for a given variable in a given row, there is an 
assumed coefficient of zero (there is no relationship). 
Coefficien ts in the constraint matrix fall into four categories: 
(l) technical relationships of wa ter development and distribution; (2) 
productivity relationships between inputs and outputs in agriculture, including 
rotation requirements; (3) input availabilities; and (4) prices of outputs 
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and costs of inputs. Figure l 2 is a diagranun.:Itical r epresentation of these 
coe(ficicnts taken ( rom Ande r son (197 2). 
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Figure 12. Diagrammatical Representation of the 
Programming Model. 
The objective function is maximi zed subject to thes e relationships 
and limitations. The righthand side values es tablish limits to each 
constraint (maximums or minimums of the given constraints) as listed in 
the RHS section of Appendix l(c) . Bounds a r e established on many of the 
variables, as listed in the Bounds section of Appendix l(c). 
The objective function is the net profit for the entire state. The 
difference between sales (gross returns), and costs of production is 
determined . 
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Specific demand mode l 
Demand for wa ter has bee n se parate d, as indicated above, into M & I, 
wet land , and agricultural sectors. The deve l opment of a workable model 
specific to Utah requires some, perha ps distorting, assumptions. The 
information on value of water in municipal and industrial uses is sketchy 
for hi ghly aggregated sectors on a nationwide scale; f or Utah, it is 
practically non-existent. Therefore, 
Assumption 1. Municipal and industrial uses will enter th e model 
as alternative fixed diversions as projected fo r given years t o 2020 . 
The fi xity of M & I diversions is equivalent t o a pe rfectly inelastic 
demand curve for M & I water. The total demand curve retains the slope of 
the sum of the r emaining demand curves, but is rightward of it by the amount 
of the M & I requirements. The effect may also be viewed as a shift in the 
vertical a xis of the specific model rightward to the quantity of water 
demanded by M & I users. 
The value of water for production of r ecrea tion, including provision 
for habitats fo r various wildlife and other wetland uses, is also not 
readily obtainable or available. Therefore, 
Assumption 2. Wetland consumption will enter the model at f ixed 
alternative levels or as a perfectly inelastic demand curve. The effect 
is to shift the total demand curve (or alternat ive l y , the vertical axis) 
further rightward . 
As a result of Assumptions 1 and 2, only the VMP in th e agricultural 
sector in each HSU determines efficient allocations within and between 





1 01, TOT 
Quantity 
Figur e 13. Allocations in HSU 1 with Fixed M & I 
and Wetland Diversions. 
Q~, l is equal to Q~,T0T (Q~,J + Q~, 2 ), and P1 is e stablished by 
inte rsections of s1 d o1 A shift of axis from 0,0 to an l,ToT· 
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1 1 O,(Ql,J + Q1, 2) r esults in identical allocations of agricult ural water, given 
M & I and wetland dive rsions. The assumption of perfectly inelastic M & I 
and wetland demands has little empirical foundation, although some evi dence 
exists indicating culinary demands for water are relatively inelastic 
(Howe and Linaweaver, 1967). Alte tnative levels of we tland and M & I 
diversions a re used to test the ef fect of wetland consumption on the 
model's solution and to simulate a lternative present and future demands. 
1 Any increase in diversions will shift Dl,TOT rightward (shi f t the supply 
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curve l e ftw ard); decreases wi ll sh ift the Dl,TOT curve in the opposite dire ction . 
The productivity of agri cultura l water is dependent upon r e lationships 
wi t h other factor s of production, such as land quali t y , cropping patterns, 
and f rost- free growing season, fo r example. The mode l uses per acre crop 
production by l a nd class by county within a given HSU as the app r opriate 
production un i t. Managerial abi lity , t echnolo gica l change, a nd market 
conditions de termine profitability for any given fa rm. Some fu rthe r 
simplifying assumptions are necessa r y to limit the model to a workable s i ze . 
Assumption J . An average farm manager as proj ec t ed for 1980 is assumed. 
Th is implies: 
(a) y ields on a given c l ass of land of a given crop in a 
given fiSU a re the HSU aver age for tha t c l ass of l and 
as proj ected for 1980. 
(b) inputs per unit of a given crop production are the 
ave r age for the given HSU a nd land class, including 
l abor, water, and othe r variables, and ar c utili zed 
in fixed proportions projected for 1980. Vari able 
a nd fixed input costs are identified, the former with 
amounts of crops grown, the l a tter with acreages of 
land in production. Both present and po t entia l land 
deve lopments are identi fied by class, county, and HSU . 
(c) Rotations of crops a r e the normal rotations for the HSU. 
As a result, unit profitability a nd, the r efore, the VMP curve is the same 
for each crop on a given land class in a given county within a given HSU. 
Thus, each county has a stepped VMP curve i ncluding segments fo r crop 
rotation pattern by land class. Since increasing agricultural production 
involves l e s s an d l es s productive land classes, these stepped VMP curves 
are downward s loping. The sum of the county curves is the HSU curve which 
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will also be stepped and downward sloping . A suff i cient number of "steps" 
to provide an approximation of a continuous VMP curve are included, since 
there a r e seven possible crops on fi ve land classes for each county. 
The projection of productivity is based upon previous tre nding 
(Pacific Southwest Inter-Agency Commi ttee, Great Basin Region, Appendix II , 
1971; Uppe r Colorado Region, Appendix II, 1971). Agricultural productivity 
has shown increases in the past, and could well increase beyond 1980 as 
a result of technological and cultural improvements (Anderson, 1972) . 
There is some reason to believe that some productivity may fall as a r esult 
of restricted cultural practices required by environmental quality 
limitations. The model will over- or under-estimate the value of trans fe r s, 
repending upon these and other offsetting effects . 
Assumption 4. Prices of agricultural products and costs of 
production inputs will change at the same r e lative rate, so that profitability 
of each crop on each land class in each county wil l remain constant over 
time, given the productivity levels. 
Trends over time would indicate that agricultural product prices 
rise at a considerably slower rate than do costs of production (Twee t en, 
1970, pp. 152-193). However, technological advancement in production has 
previously offset the relative increase in input prices. The model will 
under- or over-estimate agricultural profitability, depending upon the 
relative changes in input prices and technological advancement. Note 
further that VMP curves in agriculture are assumed to be subject to 
aggregation between HSU's. Therefore, it is implicitly assumed that 
average agricultural income and all other prices are constant and equal 
as among all HSU's. 
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Assumption 5. Timing of wate r delivery is irre levant to its value . 
Oft c 11 i 11 nrid regions, late season water is considerably more productive 
and, therefore, morl' v.1luable than ear ly season water at the margin 
(Hiskey , 1972, pp. 71-85). However, the productivity of water in the mod e l 
is an "average" margina l productivity over the growing season so that the 
model over-estimates the marginal value of spring water as well. The 
model may, therefore, over-estimate or under-estimate the value of water 
transfers, depending upon the relative differences between each season's 
water and the model's "ave rage." 
Assumpti on 6. Any new land developed will con t ain the same proportions 
of new classes (with the exception of Class 5 land and above) as pre sently 
developed land. 
The demand part of the model is essen tially the application of the 
theor y of the fi rm t o the agricultural sector of each HSU, as if only one 
firm, with the specified constraints, were involved in production, and 
perfect competition existed in tha t market. Implicitly, the HSU demand 
curve represents a summation of the individual demand cur ves of all the 
"approximately average" agriculturalists. As such, it is open to all the 
objections to aggregating demand curves (Miller, 1966). The trea tment of 
the production of one region as if it had no effect on the market prices 
received or paid in other regions may be erroneous to some degree. Other 
demand assumptions which may be made for purposes of parameterizations, 
population projections, alternative efficiencies, e tc., will be listed 
as they are made. 
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Specific supply model 
TI1e supply part of the specific model is similar t o the model develope d 
from the on-going r esearch program a nd the r eport by Alton King (1972) . 
[ See Appe ndix l(b).] Dr. King ' s supply mode l is open to many of the s ame 
kinds of criticisms as the proposed demand models. He has assume d average 
values for physical and economic variables in the various HSU's, such as 
costs of sur face water storage and water transfer facilities. His cost data 
are based on those e stimated by agencies involved. A rough estimation 
of the costs of complementary production (primarily electrical power ) has 
been deducted from development costs according to the data published by 
the Bur eau of Recl amation and the Utah Water Conservancy Board. Tilerefore, 
marginal costs used are residual costs charged to agriculture and M & ~. 
Included in the model are both surface and groundwater availabilities, 
r e turn flows from M & I and agricultural uses, potential r echar ge capabilities, 
and concomitant costs. 
Tile marginal cost of newly -developed water is assumed to be constant 
for a given development practice , eve n though operation and mainte nance 
costs might theoretically cause the curve to be upward or downward sloping 
over given intervals of quantity. Wh en capacity of one facility or practice 
is reached, the marginal cost of water increases to the next most expensive 
alternative of supply, or becomes infinite if no furthe r water can be 
developed. Tilus, the specific supply model is upward sloping, but "ste pped," 
and is an approximation of a continuous upward sloping supply function. 
King 's model contains the assumption that costs of development and 
delivery are equa l as between presently developed and new lands. Tilis 
assumption is modified in the present mode l. 
Assumption 8. All land surrounding present water delivery systems ha s 
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bee n deve l oped . Newl y -deve loped l and will incur cos t s comme nsurat e with the 
deve lopment and de live ry o f new water. (Presently -deve lope d water cannot 
be a pplied to new l ands at the pre se nt cost.) Presently -deve loped land 
can, however, use newl y -deve l oped wa te r at costs ne t o[ new de livery cos t s . 
Allocative solutions 
The allocation of water, both within an HSU and between HSU's i s 
dependent upon maximizing net agricultural returns for the entire state . 
Inter-basin transfers of water occur when the value of the marginal 
productivity in a given HSU is sufficiently high to pay the cost of water 
transfers, and earn an equal or a higher net profit in the r eceiving HSU 
than in the providing HSU. As long as water is available for agricultural 
use, and a positive net profit is earned, water will be allocated to 
agriculture. If water availability is restricted, it will be allocated 
to the agricultural use and HSU from which the most net profit can be 
earned. 
An optimum solution to the programming model indicates the amount of 
each variable which is required to maximize statewide profit from agriculture, 
given M & I and wetland requirements. A solution for any given level of 
M & I or wetland requirement can be achieved by making the a ppropr i ate 
changes in coefficients, righthand sides, or bounds. Series of thes e 
changes can be simulated by parame terizations of the appropriate variable s. 
The model is used to generate the efficient allocations (optimal solutions) 
for the projected changes in M & I requirements over time, and for alternative 
requirements for wetland requirements which represent water salvage 
potentials. 
A simplified example of the model's construction and operation is 
presented below. Assume that two products, corn and alfalfa, are produced 
in an HSU with one county containing two land classe s. Furth e r assume 
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two sou r ces of wa t e r, su rface an d g r oundwater. F' inall y , assume a rro fi t-
maximizing objective func tion. Tl1e s implified equat ions ar e : 
(
·Ave r age and Va riab l e ) 
(1) Profit = (Returns to Alfalfa) + (Returns t o Corn) - Costs of Producti on 
(2) Alfalfa = (Tons of Alfalfa Produced from Each Land Class) 
(3) Corn = (Tons of Corn Produce d from Each Land Cl ass) 
(4 ) Va riable Costs 
of Production 
(Variable Costs of Harvesting, Hauling,) x Ton s o f Product 
\& Water Application per Ton of Product ; 
(5) Ave r age Costs of =( Costs of Fertilizing, Levelling,) 
Production Etc., per acre of crop x Ac r es of Crop 
(6) Wat e r Available 
t o Agriculture = (Total Groundwater) - (Groundwater to M & I + 
Groundwate r to Wetlands) + (Total Surface Water) - (Surface 
Water to M & I + Surface Water to We tlands) 
(7) Land Availab l e (Land in Land Class 1 used for Each Crop) + 
(Land Available in Land Class 2 used fo r Each Crop ) 
The model will determine the optimal amount of water used to maximi ze 
profit, given productivity of each crop on each land class , given the costs of 
product i on and water. [Anderson ( 1972) contains a more comple t e example 
and problem and model.] If th e wa ter supply is r es tricted by M & I a nd 
wetland demands so that the water avai lable for agriculture can only be 
obtained at high cost, then only the most-productive land will be used for 
agriculture. As long as a pplications of water are profitable and water 
is ava ilable·, product ion wi 11 occur with the mo s t profitab l e crop being 
grown, restricted by any rotation constraints applied . A so lut ion will 
3Ave r age costs r efe r to tho se costs incurred by units of land (independent 
of the amount of crop grown) and variable costs ar e costs associated with 
amounts of crop grown. Bo th a r e included in the marginal costs of production. 
yield the ma x imum profi t gained, g iven costs of production, costs and 
availability of water, and productivity of land by c r op . 
34 
Ande r son's ea rly allocation mode l yi e lded ef ficient allocations of 
water among crops within the agri cu ltura l sec tor using s upp ly and demand 
functions fo r HSU 4 (Anderson, 1972) . The pres ent study alters the demand 
function s to conform with changes in the statewide supply model for each 
HSU. I t indicates op timum al l ocations of water for a given poin t in time 
within the agricultura l sectors of each HSU given inter-basin transfe r 
capabilities and cos t s . 
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COEFFJ CIENT DETERN LNATION AND DATA SOURCES 
Data sources and indications of the variables t o which th e coefficients 
apply are listed below. 
Water supply 
Economic and technical relationships in the supply mode l are as 
r e porte d by King (1972). King's modeling includes transfers, s torage, 
and off-farm distributions of surface water, pumping and distribution of 
groundwater, and their respec tive costs (See Appe ndix 2) . The only changes 
made are tho se which prevent the present model from treating previously-
developed water as applicable to new land. 
Agricultural demand 
Information sources used to de termine input r equirements, productiviti es , 
rotations, prices and input costs are e numerated by Nark H. Anderson (1973) and 
are only briefly discussed . 
Agricultural yields arc de t ermined for each crop and land class in 
a given HSU from yields as published in the Utah "Greenbe lt Study," 
(Davis, e t.al., 1972) and the Census of Agriculture for Utah (U.S, Department 
of Commerce, 1964). These yields were projected to 1980 using Framework 
Study trends (Pacific Southwest Inter-Agency Committee , Gr ea t Bas in, 
Appendix IV , V, VI , and X, 1971 ; also, Upper Colorado, Appendi x I V, V, VI 
and X, 1971). [These coefficients are listed in Appendix l(c) as the aij 
of the HHMY (Q) variable in the IIII (Q) constraint.] 
Rotation constraints for given crops a r e determined from information 
in the 1964 Census of Agriculture of Utah (U . S. Department of Commerce, 1964), 
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and fr om consu ltation with the Ut ah St a t e University Plant Science De partment 
and Extension Services personne 1. Ti lC cropping ac tivities indicate d earlie r 
are d i stribute d by the followin g r otation limits : 
1. Al fa lfa acreage (full and parti a l) > barley acreage 
2 . Barley acreage > nurse crop average 
3 . Alfalfa acreage > 5 times nurse crop acreage 
4. Alfalfa acreage +ba r ley a creage + nurs e crop > 7 times s ugar 
bee t acrea ge 
5 . Alfalfa acreage + barley acrea ge + nurse a creage > 7 time s 
corn acreage. 
[Rotation constraints are listed in Appendix l(c) as the aij of the HHMY (Q ) 
variabl e of the RHHMY (Q) constraint.) 
This rotation insures that alfalfa will not be grown more than f i ve 
years in succession in one planting. Exceptions to this rotation are : 
1. Daggett County rotation allows alfalfa to be gr own for 
eight years in succession, and no barley is grawn . 
2. If corn silage and sugar beets are gr own a t the same time 
in a given county and land class, not more than one-ninth 
(1 / 7 ) of the irri gated acreage can be allotted to each 
crop (or 2/9 to the sum of the two crops), 
Fully or partially irrigated a lfalfa crops will be grown depending upon 
the available water. Sugar beets and corn are restricted to specific 
counties whe r e length of growing season is favorable. Sugar beet acreage 
is restricted t o present levels, since the trend indicates acreages in 
sugar beets is declining. Corn silage acreages are unre stricted, exce pt 
by rotation, since the trend indicates these acre ages are incre a s ing . 
Ph ysical input requirements are determined from f arm budgets deve l oped 
in the "Greenbelt Study" (Davis, et.al., 1972). These inputs arc divided 
into two categories: One in which inputs are varied with the amount o f 
product by crop, and one in which inputs are 11 fixed 11 for a given product on 
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a given amoun t of land. Fo r examp le, number of cu t s of alfalfa de pends 
upon pr oductivity and wa t e r i nputs, whi l e fe rt i l iza t ion of alfalfa is a 
fi xed amount pe r a cre regardl ess of numbe r of cuts. The f orme r inputs 
ar e t e rmed variable i nputs, th e l a tter, ''average " in puts . Both in put s are , 
however, components of demand (VMP). [These inputs are listed in Appe ndix 
l(c) as the ai j of the HHMY (Q) variable in the IIII (Q) constraint.] 
Consumpti ve u se of the water inputs (WHRS and WATERX) is calculated using 
a revised Bl aney -Criddle (1952) me thod, togethe r wi th modificat ions which 
are suggested by the Utah State University Mete r ology Department . 
Prices of inputs and outputs a r e de rived f r om the " Gr eenbelt Study" 
(Davi s, et .al., 1972 ) , modifie d where a ppropr iate, and r eporte d by Anders on 
(1973). The ou tput prices a re cons idered constant for the whole s t a t e . 
Prices for both "ave rage" and vari able input costs are derived fo r ea ch 
land class, county and HSU. The cos t of deve l op ing potentially irri gable 
l and t o ful l production, both c l ea ring and water distribution cos ts, ar c 
included. [The outpu t prices a r e 1 is t ed in Appendix 1 (c) as part of the 
aij of the !II I (Q) variables in the profit cons traint. The "average" 
input and developme nt costs are listed a s part of the HHMY (Q) variab l e , 
and the variable costs are listed as the aij of the VIlli (Q) variables, 
both in the profi t constraint.] The unit costs of labor we r e consider ed to 
be constant a t 2.00/hour for th e entire state. 
The r ighthand side va lues (or bj's) in Appe ndix l(c) (RHS Section) 
establishes bounds f or the constra ints. Ea ch b. is a limit of the sum of 
J 
the va ria b les in the constraint equa tions. Where no bj is listed, the 
implicit value is zero. The bj r e l a t e d to the ARBLHHM constraint s ar e 
derived using the Framewor k Study figures for arable lands in Utah by land 
class (Pacific Inter-Agency Committee, Grea t Bas in Study , Appe ndix IV, V, 
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and from consultation with th e Ut ah State University Plant Sci ence De partme nt 
and Extension Se rvices personnel. TilC c r o pping act ivt ties indica t e d carl icr 
are d ist ributed by the following r o tation limits: 
1. Alfalfa acreage (full and parti a l) > barley ac r eage 
2. Barley acreage > nurse crop ave r age 
3. Alfalfa acreage > 5 times nurse crop acreage 
4. Alfalfa ac r eage +barley acr eage + nurse crop > 7 times suga r 
beet ac reage 
5. Alfa lf a acreage + barley acreage + nurse acr eage > 7 times 
corn acr eage . 
[Rotation constraints are listed in Appendix l(c) as the aij of the HHMY (Q) 
variable of the RHHMY (Q) constraint.) 
This r otation insures th a t alfa lfa will not be grown more than five 
years in succession in one planting . Exceptions to this rotation are: 
1. Daggett County rotat ion a llows alfalfa to be grown for 
ei ght years in succession, and no barley is grown. 
2. If corn silage and sugar beets are grown at the same time 
in a given county and land class, not more than one-ninth 
(1 / 7 ) of the irrigated acreage can be a llotted to each 
cr op (or 2/9 to the sum of the two crops). 
Fu lly or partially irrigated a lfalfa crops will be grown dependin g upon 
the available water. Sugar beets and corn are restricted to specific 
counties where length of growing season is favorable. Sugar beet acreage 
is restricted to present leve ls, since the trend indicates acreages in 
sugar beets is declining . Corn silage acreages ar e unrestricted, except 
by rotat ion , since the trend indica tes these acreages are increas ing . 
Physical input requirements are determined f rom fa rm budgets deve l oped 
in the "Gre enbelt Study" (Davis, et.al., 1972). These inputs ar c divide d 
into two categories: One in which inputs are varied with the amount of 
product by crop, and one in which inputs are "fixed" for a given product on 
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a given amount of land. For example , numbe r of cut s of alfa l fa depends 
upon pr oductivi t y and water inputs , while f erti liza t ion of alfalfa is a 
f i xed amoun t pe r acre regardl ess o f number of cuts. The f ormer inputs 
ar e t e rme d variable i nputs, the latter, ''ave rage " i nputs. Both inputs are, 
however , components of demand (VMP). [These inputs are liste d in Appendix 
l(c) as the aij of the HHMY (Q) variable in the !III (Q) constraint.] 
Consumptive use of the water inputs (WHRS and WATERX) is calculated u s ing 
a revise d Blaney-Criddle (1952) method, toge ther with modi f ica t ions which 
are sugge sted by the Utah State University Meterology Departmen t. 
Prices of inputs and outputs are de rived f rom the "Gree nbe lt Study" 
(Davis, e t . a l . , 1972), modifie d whe r e a ppropriate, and r eported by Anderson 
(1973). The output prices are consider ed constant for the whole state . 
Price s for both 11 average 11 and variable input costs are derived for ea ch 
land class, county a nd HSU. The cost of deve loping potentially irri gable 
land to fu ll production, both clea ring and wate r distribution cos t s, arc 
include d. [The output prices a r e listed in Appe ndix l(c) as part of the 
aij of the !III (Q) variables in the profit constraint. The " ave rage" 
input and development costs are listed as part of the HHMY (Q) variable , 
and the variable costs are liste d as th e aij of the VIlli (Q) variables, 
both in the profit constraint.] The unit costs of labor we r e consider ed to 
be constant at 2.00/hour for th e entire state. 
The ri ghthand s ide values (or bj's) in Appe ndix l(c ) (RHS Section) 
establishes bounds f or the constraints. Each b . is a limit of the sum of 
J 
the variahles in the const r aint equations. Where no b. is listed, the 
J 
implicit value is zero . The bj r e lated to the ARBLHHM constraint s are 
derived using the Framewor k Study figures for arable lands in Utah by land 
class (Pacific Inter-Agency Committee, Great Basin Study, Appendix I V, V, 
and VI, 1971; and Uppe r Colorado Study , Append ix lV, V, and Vl, 1971) . 
These limits ar e ad jus ted hy Anderson (19 73) to fit the HS U' s from 
availabl e s o il survey inform.1tion. 
Th e bounds section includes upper limits of each listed variable. 
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Where no bound is listed, the variable is unrestrained, except that all 
variables must be grea ter than zero. These bounds ar e taken f rom the 
Framework Study (Pacific Southwest Inter-Agency Committee, Great Basin, 
Appendix V and VI, 1971; and Upper Color ado Study, Appendix VI, V, and VI, 
1971), and f r om soil surveys for the Sta t e of Utah (Anderson, 1973). 
Wheat land (dry farming) development is not considered in the mode l. 
[HHMW (Q) is upper bounded at zero.] 
Supply and demand schedules have been ca leu la t ed separately b·· 
King (1972), Anderson (1972) and Ande r son (1973). These schedules a r e 
produced by holding M & I and wet l and diversions constant and determining 
the cost or MVP of increments of water. By combining these supply a nd 
demand schedules, an efficient allocation of wate r within each HSU can be 
determined. These curves are discontinuous and "lumpy" since both costs 
and MVP change with mode changes such as differen t cropping patterns or 
new land development . The intersection of these supply and demand cur ves 
is the efficient allocation within the given HSU. This efficient 
allocation would also result from the optimum solution of the pr esent 
mathematical programming model if no interbasin transfers of water we r e 
included. Differences between the solutions as reported by Anderson (1973) 
and those of the present model must be the result of importing water, 
assuming no change in the parameters and coefficients. 
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M & l Requirements 
The detennination of M & l rl!quireme nts for a given time period arc 
based jointly on population projections and the projected developme n t of 
industry in each HSU. 
Population and water use projections fo r the model fo r a ll HSU' s exce pt 
7, 8 and 9 are taken from (1) The Framework Studies (Pacific Southwest In t e r-
Agency Committee, Gr eat Basin Study, Appendix XI , 1971; a nd Up pe r Color ado 
Study, Appendix XI, 1971); (2) the 1969 Office of Business Economics, 
Depa rtment of Commerce (U.S. Water Resources Council, 1969 ), and Economic 
Research Service, Department of Agri cul tur e 11967 projections (commonly known 
as t he OBERS projections)]; (3) 1970 Utah Division of Wate r Resource 
projections (1970); (4) 1972 revisions of the three se ts of proj ect ions; 
and (5) a median of a ll the above. 
So me of these proj e ctions dif fe r from the median projection conside r ab l y . 
The 1972 revision of the OBERS projection utili zes a much-reduced population 
growth r a t e , about .5 percent per annum, as indicate d for the na ti onal mean 
growth rate in recent census data. This proj ection fa ll s about 20- 30 per cen t 
below the median proj ec tions. The 1970 Division of Wat er Resource s projections 
i ncluded a very rapid increas e in indus trial deve lopment fo r the state and is 
consistently 15-20 percen t above the median proj e ction. The othe r three 
proj e ctions are r easonably close to the median. Table 1 contains various 
proj ec tions of population and dive r sions. The median proj ections ar e used 
in this mode 1. 
Projections of growth and water use for HSU 7, 8, and 9 ar e complicated 
by potential large development s of the extractive oil s ha le industry and 
construction of high-output fossil-fueled power gene r a tion plants. 4 The 
4Recently , large oil refining plants have been contemplated in the 
Uintah Basin, but these plants a r e not included in the projections. 
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oil shale industry will be confined primarily to HSU 7, the Uintah Basin. 
The Comprehensive Framework Study , which r elies heavily on the OBERS 
pr ojections , does not include impacts of the oil s hale industry (Pacific 
Southwest Inter-Age ncy Committee, Upper Colorado Study , Appendix IV , 1971), 
while the Division of Water Resources (1970, 1972) includes only a small 
development. Water use is calculated f rom data for the industry and from 
r e quireme nt coef fici e nts for supporting municipal and industrial faciliti es , 
including once -through use and no in situ retorting (U. S. Bureau of 
Mines, 1958; U. S . Senate Hearings, 1965; U. s. Senate Hearings, 1970; 
and U. S. Senate Hearings, 1972) . (See Table 2.) 
Table 2. Projected M & I Diversions (x 1000), HSU 7 
With and Without 1980 2000 2020 Moderate Oil Shale Development 
High Population With Oil 26.6 81.9 170.2 
Low Population With Oil 25.6 69.0 123.7 
High Population Without Oil 25.2 69.1 149.8 
Low Population Without Oil 25.6 56 . 2 103.3 
Slow, moderate and r apid rates of development of the oil shale industry 
have been considered. The recent past indicates oil shale ma y not be 
developed until other sources from which petroleum can be obtained with 
less ecological disturbance are exhausted. A slow rate of development, 
wherein full production of one million barrels of oil a day is not 
attained until after 2020, is most probable. A moderate rate of deve lopmen t 
from which about 1~ million barrels a day would be produced by 2000 is 
assumed. The indicated median projections which are used in the model 
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include this moderate rate of dev e lopment. 
Fossil fuel power generat ion plants are presently under construction 
(State Enginee r , 1964) and in partial production in HSU 8 and 9. Even 
thou gh further cxpunsion may be seve rely slowed by environmental conside rations, 
the study assumes a modera t e development r ate of full power generation 
capabilities and a lte rnative pr ojections of population increases. Tables 
3 and 4 indicate the r ange of water diversions for HSU 8 and HSU 9 
respectively. The diversions of 98,800 acre feet/year will provide for 
Table 3. Projected M & I Diversions (x 1000), HSU 8 
With and Without 1980 2000 2020 Moderate Power Development 
High Population With Power 26.9 52.2 77.4 
Low Population With Power (Median) 25.4 43 . 9 58 . 8 
High Population Without Power 12.5 37.8 63.0 
Low Population Without Power 11.0 29 . 5 44.8 
the generation of about 5,000 megawatts in Utah. These diver sions are about 
15,000 ac r e feet below the projected r equirements (Pacific Southwes t 
Inter-Agency Committee, Color ado Framework Study, Appendix XIV , 1971). 
Potential technological improvements in water use by steam generation 
facilities before 2020 should allow production of the full 5,800 megawatts 
using the model's diversions (Federal Power Commission, 1971). 
Wetland requirements 
Wetland requirements are the inflows necessary to maintain the 
current water levels in the various wetlands, such as marsh e s and lake s. 
These requirements ar e equal to the present evaporation of water p~us th e 
evapo-transpiration by phea tophy t es and other plants. 
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Table 4. Projected M & I Dive r sions (x 1000), IISU 
With illld Without 1980 2000 2020 Power 
lligh Po pu l ation With Power 64.0 111.2 174 .9 
Low Population With Power (Median) 60.9 93.3 124.4 
High Population Without Power 28.0 39 . 2 102. 9 
Low Population Without Power 24.9 21.3 40.4 
Some water salvage is treated in the model. We tland inf l ows a r e the 
sources of salvageable water. The wetland requiremen t i n a give n HSU in 
the mode l is lowered to "re l ease" water for upstream use (the we tland and 
total dema nd curves shi f t l ef tward for that HSU). Water salvage in the 
model does not include desa linization or othe r recycling processes . I t 
is wat e r which can be dep l e ted from wetlands at no additional cos t without 
seriously affecting the recrea tion on or aesthe tics of those wetlands . 
Only maximum level of water salvage will be examined . The da t a for 
potential salvageable water in ea ch HSU use d ar e based upon inte r views 
and unpublished data from the Utah Division of Water Resources. Maximum 
salvageable water by HSU is listed in Table 5. 
Inflows to the Gr ea t Sa lt Lake, while sim i l ar in na ture to wet l and 
requiremen ts, ar e treated s e parately since these inflows ar e of a large 
magnitude and play a critical role in water use along the Wasa t ch Fron t. 
Alternative inflows t o the Great Salt Lake included in the analys is ar e 
1,014,000 acre fee/year, the normal year inflow; 850,000 acre feet/year; 
and 500,000 acre fe e t/year. 
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TablP 5 . S~lv~geable Wat e r by I!Sll 












The model is parameterized by using changes in the M & I requirement . 
A linear interpo l a tion is used to calcula t e diversion requirements for 
years between the data source projection dates (1980, 2000, and 2020). 
Then parameterization of the model is accomplished by s ystema tical l y 
altering the M & I requirements in each HSU to approximate the water needed 
by projected populations and growing industrial use for given time periods 
in the fu ture. Optimal solutions are generated for each alteration in 
M & I r equi rements so that the efficient a llocations over time can be 
exami ned . A parameterization of M & I re quirements is done for each of 
the three alternative inflows to the Great Salt Lake when no water salvage 
i s included, and for 850,000 acre feedyea r and 1,014,000 acre feet/year 
inflows when salvage is included . 5 The solutions gene r ated are compared to 
5For inflows greater than 500,000 acre feet/year with no sa l vage, and 
gr eate r than 850,000 acre feet/year with salvage, no change in the solutions 
are observab le. 
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to de t e rmine the effect of public po licies on allocations of water. Tab l e 
6 is a tabular indication of the pa rameteri za tions. For ea ch block, 
parameteriza tions for 1965, 1980, 1990, 2000, 2010 and 2020 a r e accomplished. 
Tabl e 6 Parameterizations 
SUPPLY MODEL 
500,000 a c. ft. /year 850,000 ac. ft. /year 1,014,000 aciG/year 




* Median 4(a) 4(d) 4 (b) 4(c) 4 (e ) 
Low 
Oil Shale 





Moderate 4(a) 4(d) I 4(b) 4(c) 4(e) 
Low 
*These numbers indicate the Appendix in which water distributions are indicated 
(from solutions to the model). 
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RESliLTS FROM TilE SPEC1FI C MODEL 
Tite optimal (efficie nt) so lutions for alte rnative paramcte rization s 
are listed in Appendix 4, the water allocations, and Appendix 3, the 
agricultural land in irrigated production. The dual solution6 t o the model 
(dual activity of rows, reduced costs of columns) yields shadow prices 
for water which may be used to construc t the supply and demand curves . 
The values of the dual variables are valid indicators of VMP and MC only 
if agricultural use is the marginal use of wate r (that is, if other uses 
have a higher VMP a t every quantity of water, or pe r fectly ine las tic 
demand curves). 
Th e mode l construction affects the way in which salvaged wate r i s 
utilized. Since available groundwate r limits (bj 's) do not change , the 
salvaged wate r may be used only as additions to surface water. The mode l 
utilizes M & I waste wate r, originally r e turned to the surface wat e r flows , 
for groundwate r recharging to provide the l east cos t wa t er for M & I 
requirements and still utilize natural groundwater in profit-making 
agricultural production. 
Central Ut ah Project results 
The model 's solutions indicate that the development of the Central 
Utah Project hinges upon several a lternative policies with respect to 
6The dual problem is formed by altering the constraints to ha ve the 
same direction of equa lity , transposing the rows and columns, changing the 
directions of the e qualities, interchanging righthand-side and the objective 
function coefficient, and changing the sense of objective functi on (e. g ., 
maximize instead of minimize). The solu tion yie lds the additions to profit 
or costs which are incurred by adding a unit of the resource for each 
variable. These additions are the shadow prices. 
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locally a vailable wa t e r. Graph s of the t emporal deve lopme nt of the Central 
Ll t ~ h Pro j <•c t a r e liste d in Appe nd ix 5 . The mod e l a ppea r s to ind ica t e 
that e f ficient d cvclopm~nt o f th e Li t e i ndia n portion of the Centra l Utah 
Project r e quires a de la y until some time after 2020, unl es s use o f alte rna -
tive water sour ces is restricted. For this reason, discussion of the Ut e 
Indian Unit is not undertaken. 
One portion o f the water transfer s ystem doe s, however, appe ar 
effici e nt at present and develops to its full 22, 500 acre f ee t /yea r 
transfer capability. 7 The transfe r consists o f wate r from HSU 8 tra ns porte d 
to II SU using ve ry sli ghtly improved existing facilities. Tite transf er 
can be made at l e ss cost than deve loping new locally availa ble wate r 
(King, e t. a l., 1972). 
Tit e timing of the development of the Bonneville Unit depe nds to a 
great ext e nt on the use of alternative locally ava ilable water source s as 
appa rent from Figures 14 and 15. The followin g implications are drawn 
from the model's results, given the assumptions discussed above. 
1. The development of the early stages of the Bonneville Unit 
is dependent upon water availability in HSU 5 . If salvage of 
water and use of the groundwater r eservoir in HSU 5 is 
allowed up to levels at which groundwate r mining occurs, the 
Bonneville Unit is not economically efficient until 2005 to 2010 
for inf lows to Gr eat Salt Lake of less than 850,000 acre 
feet/year. For inflows of up to 1,014,000 acre feet/ yea r, 
postponement of development for twenty years (to 1995) is 
indicated. With no salvage, low l evels of importation are 
immediately indicated. 
7
Thi s portion of the mod e l 1· s t d h S A ( ) e rme t c evi er rea SA by Kin g (1972). 
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Figur e 15. Bonneville Unit Cup Diversions with Alte r native INFLO 
GS L (With Sa lvage) 
"' ..a 
2. Deve lopmen t of th e Bonnevi lle Unit to full capacity i s 
de pende nt upon the wate r availability in HSU 4. A "take off" 
so 
of demand for Bonneville Unit wate r is indicated wh en groundwater 
pumping including groundwate r recharge reaches a maximum. With 
water salvage and inflows to Great Salt Lake of 850,000 acr e 
f ee t/year, the "take off" occurs between 2015 and 2020, and maxi-
mum capacity is not r eached prior to the end of the period 
of analysis (2020); without sa lvage, the "take off'' occurs 
between 2000 and 2005. For inflows to Gr ea t Salt Lake of 
1, 0 14 , 000 ac r e feet/ year without salvage, the appropriate dates 
are 1975 to 1980 for "take off" and 1995 for maximum. With 
sa lvage , "take off" occurs be twee n 2005 and 2010 and the maximum 
is not r eached until after 2020 with salvage . Also evid e nt i s 
a decline in allocations to HSU 5 near Bonneville Unit maximum. 
3. The use of Bonneville Unit water in HSU 4 depends primarily 
upon the growth of urban demand (M & I r equi r ements). A 
comparison of importation timing and agricultural land indicates 
that Bonnevi lle Uni t wa ter is sufficiently costly to be 
inefficient for new land development. Further, for eve r y 
solution only available groundwater is sufficiently cheap to 
provide for new agricultural water. Low cost r echarge is 
utilized forM & I demands and the residual (natural) groundwate r 
storage is used for new agriculture. When M & I requirements 
exceed the low cost recharge potential (434,000 acr e f ee t/yea r) 
allocation to new agricultural development is r educed by the 
amount of M & I r e quireme nts above r echar ge pote ntial. It i s 
conceivable that cheaper sour ces of water, such as groundwate r, 
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are profitable enough to pay out the di scounte d annual 
costs of l and deve lopment including wate r distribution costs 
(approximate l y twenty-five dollars per acre in pe rpetuity) 
short of perpetuity, at which time, Bonneville Unit wate r 
could be efficiently applied to the new irrigated land. There 
exist two r eas ons for ignoring this problem. First, profitability 
in HSU 4 is such that the pay-out period approximates thirty 
years, at which time Bonneville Unit water will be nee ded to 
satisfy M & I demands. Second, the encroachment of urban 
development into agricultural land may reduce significantly 
the amount of land available fo r irrigation so that agricultural 
diversions may r emain r ea sonably constant in IISU 4. 
4. Given inflows to Great Salt Lake of greater than or equal to 
850,000 acre feet/year, if groundwate r pumping in HSU 4 is 
limited to present levels by institutional constraints, that 
is, the present gr oundwater reservoir levels must be maintained 
(56,000 acre feet 8), the full development of the Bonneville 
unit is efficient by 2000 (with salvage; 1990 without). 
5. Agricultural practices are limited to present land in HSU 5 . 
It is unprofitable to develop new land with any source of water . 
6. There exis ts a surplus of water in HSU 7 available fo r transfer 
by 2020 given even the highest levels of M & I (including oi l 
shale) and agricultura l use and maximum Bonneville Unit transfers 
8
calculated by total available groundwater less present use in M & I, 
wetland use, and groundwater inflows. 
272,000 ac.ft. - (132,000 ac.ft. + 75,000 ac.ft. + 8,000 ac.ft.) 
As in Appendix l(c)(l), this corresponds with the FGWAVANL4 (free groundwate r 
available to wetlands in HSU4), minimum of 56,000 ac re feet. 
The minimum outflow from Utah watersheds t o downstream compact 
state s is 350,000 acre feet/year greate r than r equ ired to mee t 
the compact minimum [SPe Appe ndix 4(c)(6)]. The HSU 7 outflow 
is 455,000 acre feet/yea r. 
Other results 
52 
The model generates water allocations fo r each HSU, as well as for 
th e transfer systems, as can be seen in Appendices 3 and 4. A few of the 
implications of these solutions are listed below; a complete enumeration 
of implications would be laborious and of questionable value. 
HSU 1. Small amounts of new land can be irrigated using groundwate r 
developments, but M & l requ i rements will use the additional water by 2000. 
Additionally, the proposed trans fe r of water from the Bear River Unit 
(HSU 2) is e conomically inefficie nt for agricultural use. The r e cent 
cessation of negotiations between the interested parties a ppears to 
confirm the model's results . 
HSU 2. Development of groundwater and surface water sources is able 
to provide economically efficient water for relatively large deve lopment s 
of irrigated land (185,000 acres) until ear ly in the 21s t Century. 
Maximum low cost groundwat e r recharge is achieved by 2000. 
HSU 3. Sufficient groundwater reservoirs exis t to provid e M & I 
water to 2020. Further deve lopmen t of large tracts of irrigated land is 
economically inefficient. Wilde and LeBaron (1969) point out that the 
Willard Bay Reservoir water is sufficiently expensive to be inefficient in 
agricultural use at pres ent. The importation of morP wat er from the Ute 
Indian Unit, is therefore, clearly not dependent upon water demands in 
HSU 3, a conclusion which supports the model's results . Low cost recharge 
is extensively used by 1990. 
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HSU 6. Sufficient wate r exists, with s ome importation from HSU 10 , 
to mee t agricultura l and M & I needs to 2020. Even though large acreages 
of land a r e available for develop i ng , including over 200,000 acr es of 
Class TWo l and or be tter, and up to 47,000 acre feet of new water is 
available from trans fe rs of water from HSU 10, no new irrigation is indicate d 
by the model . Importation of approximately 30,000 acre feet of water from 
HSU 10 is indicated, presumably to au gment irrigation of presently 
developed agricultural land. 
HSU 8. Sufficient surface water is available to provide fo r the 
assumed moderate rate of fossil-fuel power generating plants, and concomitant 
M & I demand increases . A substantial increase in irrigated cropland is 
indicated by the mode l in Emery County, and development of irrigation is 
limited by the availability of irrigable Class One and Two land in that 
county. 
HSU 9 . Sufficie nt surfa ce wa ter is availab l e to provide for pro jected 
M & I requirements, includin g fossil-fuel power generating plants and 
present agriculture. Increas e s in irrigated acreages are economically 
inefficient, even though some Class One and Two land is available for 
irriga tion. The preponderance of poorer quality land precludes deve lopment, 
assuming fixed percentages of land classes in new irrigation projects. 
HSU 10. Sufficient water is available to provide for project ed M & 
requirements, present irrigation, and transfers to HSU 6. Increase s in 
irrigated acreages are economically inefficient , despite a ve r y favorable 
growing season and climate. The preponderance of poorer quality land 
restricts development of irrigation. 
The excess in required outflows to me e t the Colorado River user's 
compact would appear to indicate that full and rapid growth of oil shale 
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and powe r generation indu s tri e s would not be l i mite d by wa t e r availa bil i t y . 
Full deve lopment of t he oil shale industry would consumptive l y use a bout 
twice th e moderate ra te of de ve l opme nt for a given time period, or ab out 
12,000 acre fe e t/year over the present model (an increase in diversions 
of about 20,000 acre feet/year). Full development of the power ge nerating 
industry would increase consumptive use of water by approximately 70,000 
acre feet/ year in HSU 8 and about 105,000 acre feet/ year in HSU 9 (di versions 
would appro ximately double the consumptive use in both HSU's). Tota l 
increa sed consumptive use (which includes evaporation) is 195,000 acre 
feet, or about 155,000 acre fee t/ year less than the minimum e xce ss outflow 
of the alterna tive assumptions of the present study . 
Results from the work of Mark H, Anderson (1973) indicate that if 
land can be developed according to land class, most Class One land will 
be irrigated. However, in the case of f!SU 6, HSU 9, and HSU 10, so littl e 
Class One land is available that it is doubtful whether any significant 
differences in water allocations in these HSU 1 s would occur. 
Reducing required inflows to the Great Salt Lake and salvaging 
water have large impacts on the timing of development of the Bonneville 
Unit, and upon the internal allocations in the Great Basin HSU's·. As 
discussed above, water salvage is assumed to have no costs, other than 
those needed to pump or divert the water. Since low-cost water salva ge 
is cheaper than importation, there should be no significant differe nce in 
the model's results relative to the timing of the Central Utah Proj e ct 
developments. 
Arguments for justification of developing the Bonneville Unit 
transfers have been made based upon using a final demand multiplier and 
comparing increased incomes generated to proj e ct costs. Importa tion o f 
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wate r a t a price which is subsidi zed suffic iently t o warrant agricultural 
use might achieve an increased final demand which would exceed the costs 
of the project if th e agr icultural multipli er is about 2. 
There ar e two problems inherent in this kind of analysis, however. 
First, the use of final demand increases is only a consideration of output, 
not of costs. The appropriate measure should be the increased r ents (net 
incomes) which are generated, The failure to include costs of increased 
agricultural production is theore tically incorrect and will strongly bias 
the conclusion toward development. 
Second, market dislocations may occur which offset the gains in 
rent s. For instance , if full employment exists in the state , a shift of 
water to th e agricultural sector may result in the bidding up of wages of 
res ources, causing higher-than-expected input costs. Similarly, increasing 
agricultural product (market supply) may significantly lower prices of 
outputs, lowering VMP in agriculture. Full multiplier effects may be 
unwarranted. 
If payment of the subsidy is from local sour ces, then the loss of 
net income to other sectors to pay the subsidy must be considered . If 
those sectors have higher multipliers than agriculture, a net social 
loss is incurred; if lower, then calcula tions to determine a net multipl ie r 
are necessary. If the subsidy is paid by federal sources, the n local 
interests will receive windfalls at the expense of national taxpayers, and 
the net national social gain or loss is dependent upon the national 
multipliers compared with the local. Rega rd less of the r elative sizes of 
national and local multipliers, it is obvious that local e conomic interes ts 
will benefit and could be expected to strongly support the transfers. 
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COSTS OF INEFFICIENT ALLOCATIONS 
The costs of ineff icie ncy ar e calculated f r om e ither fo r egone r eturns 
to investment or the higher costs of supply as discussed on pages 17 to 22. 
Several problems arise in the actual ca l cu l a ti ons, however. There is a lag 
between investment am operation resulting from nece ssary construction time 
in projects of the magni tude of the Bonneville Unit . Some es timates of 
the necessary time for construction of the Bonneville Unit range from ten 
to fifte en yea r s (U . S. Bu r eau of Reclamation, 1964). Fifte en years will 
be the expected lag assumed in thi s study. The lag time should provide, 
in part, for the trans fe r of small amounts of water as facilities become 
available. Thus, the efficient allocations of water to HSU 5, indicated 
above and in Appendices 4 and 6, are assumed to be achieved by timing 
development appr opriately for full development of the Bonneville Unit. 
It will be further assumed that investment occurs fifteen yea r s prior to 
the time at which demands equal seventy-five pe rcent of capacity (102,000 
acre fe e t/year). This assumption is an arbit r ary assump t ion of optimal 
timing of investment and development. The mode l, using this assumption, 
wil l likely over- est ima t e the rapidity with which investment in the Bonneville 
Unit will be r equi r ed. 
Cost of idle investment in 
the Bonneville Unit 
To determine the economic costs of inefficient early investment, it is 
assumed tha ol l alternatives to transferred water are unrest r icted as 
di scussed on pages 19-21 above. Thes e alterna tives i nclude full groundwater 
development, inflows to the Gr eat Salt Lake of a minimum of 850,000 acre 
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feet/year and a maximum wate r salvage . The a ppropriate time frame is 
illustra ted in Figure 15 (page 49) a nd in Appendi x 5(d). Seventy -five percent 
of full transfer occurs at approximately the year 2020, and, therefore, the 
appropriate (assumed) investment da t e would be 200 5 . The total r e turns 
foregone to idle (unneeded) facilities if investment occurs immedia tely 
(1972) is the discounted sum of the annual r e turns to the investment funds 
up to 2005, or for the next 32 years. Three interest (return) rates are 
used: percent (%), the approximate government borrowing rate; 7%, the 
recent l y suggested discount rate for public investment; and 12%, an approximation 
of the return to private capital. It is not the purpose of this study to 
determine which rate is the appropriate one . 
A conservative estima t e of inve stment costs for the Bonneville Unit 
attributable to water use (contracted by the Central Utah Water Conservancy 
District for distribution to M & I and agricultural users) is approximately 
$130,000,000. Expected annual returns in alte rnative investments of thos e 
funds are $6,500 ,000 at 5%; 9,100,000 at 7%; and 15,600,000 at 12%. 
Over the period of construction, it is assumed that importations of the 
indicated efficient amounts of water to HSU 5 can be made, that is, that 
full development of the project will not be needed to provide water imports 
to HSU 5. There will be, the refore , a return to the investment which will 
accrue from payments by water users in HSU 5. If $25.00/acr e foot (Anderson, 
1972) is charged for the delivery of these flows, approximately 40,000 
acre feet/year, the $1,125,000 annual income shou ld be deducted from the 
foregone returns. The net annual foregone returns are $5,375,000 at 5% 
(a present value of $84 ,936, 000); $ 7,975,000 at 7% (a present value of 
$100,860,000; and $14,475,000 a t 12% (a present value of $1 17,407,000) . 9 
9Factors for 32 years are: 15.802 a t 5%; 12.647 at 7%; 8 . 111 for 12%. 
18 years are: 11. 690 at 5%; 10.059 at 7%; 7.249 for 12%. 
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If no salvage and inflows of 850,000 acre feet/year t o Great Salt Lake 
are assumed, Figure 15 and Appendi x 5(b) indicate the appr opriate time for 
inve stment is 1990 (2005 l ess 15 years), or 18 years of foregone r e turns. 
The present values for the shorter period of for egone annual r e turns a r e 
$62,834,000 at 5%; $80,220,000 at 7%; and $104,929,000 at 12%. It is 
obvious that if investment opportunities which pay the indicated returns 
are available for public monies, sufficient income is genera t ed to pay off 
much of the investment cost at the r equired date. 
Cost of institutional 
constraints in HSU 4 
To determine the costs of institutional constraints, it is necessary 
to calculate the increa sed costs of providing water and the losse s suffe r ed 
when production is curtailed. I t will be ass umed that institutional 
constraints will curtail any groundwater pumping which would reduce the 
groundwater storage and e liminate water salvage. For inflows to the Great 
Salt Lake gr ea ter than or equal t o 850,000 acre feet/yea r , increased low-
cost r echarge is necessitated and f ull development m the Bonnevi lle Unit 
will be r equired in 1995. As a r esult, two kinds of losses are incurred. 
First, the users of water suffer higher costs or losse s in producers' surplus. 
Second, returns to new agricultural development are foregone . 
The annual loss of producers' and consumers' surplus in HSU 4 is the 
appropriate measure for this study since it is in HS U 4 that the timing of 
th e "take off" and full deve lopmen t of the Bonneville Unit are determined. 
For the assumptions that inflows to Great Salt Lake ar e greater than or 
equal to 850,000 acre feet/yea r, no salvage is possible and groundwate r 
pumping cannot reduce the storage further, full annual loss of produce r s' 
surplus occurs by 2000 ·, that is, the o2 intersects the s2 curve Z,TOT curve 
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above tht! price of transferred water a t tha t time . Est imates of an nual 
l osses of surp lus arP mnde fo r each 10- yea r pe riod, beginning in 1980 
and e nd ing in 20 20, aft Pr which a ll annual l osses a r e equal . Since the r e 
is no groundwat 0r a ppl ied t o pre se nt agricu ltura l production in HSU 4, only 
M & I uses suf fe r increased costs. The supply curve wi thout r estric t ive 
constraint s is the s4 curve in Figure 16 . The supply curve with restrictive 
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Figure 16. Losses i n Consumer s ' and Pr oducers' Surplus in HSU 4 , 
lOThe fo llowing symbols us ed in Figur e 16 are de fi ned as: 
MCTRANS = Mar gina l Cost of Trans fe rred 
Water 
4 
= Ma r ginal Cost of Low- Cost Recharge in HSU 4 MCLRECH 
4 
= Ma rginal Cost of High-Cost Recharge in HSU 4 MCNRECH 
(continued on next page ) 
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The crosshatched areas de fine the losses i n produce rs 1 and consumer s 1 
surplus ln IISU 4 as a result of the higher margina l cost curve. Table 7 is 
a tabulation of the losses of produce rs' surplu s as Indicated in Figure 16. 
The calculation of the lo sses of producers' surplus toM & l uses for a 
g i ven period, therefore, is: 
(7) 4 4 4 4 4 4 (MCLRECH- MCGW)(QLRECH) + (MCHRECH- MCLRECH)(QHRECH) + 
The additional loss of benefits of producers' and consumers' surplus 
accruing to new agriculture which are fo regone are minimally estimated by the 
gross re turn s less the cost of new groundwater diversions to agriculture 
multiplied by the quantity of new groundwater applied to new land (net 
returns to new agriculture). Restriction of salvage increases losses of 
returns since salvage re leases additional groundwater for use in new 
agricultural production. Mathematically: 
11 
The annual losses of returns are also listed in Table 7. 
11 
MC~ Marginal Cost of New Groundwater in HSU4 
4 QLRECH Quantity of Low-Cost Recharged Water to Replace New Groundwater 
4 QHRECH = Quantity of High-Cost Recharge to Replace Low-Cost Recharge 
QTRANS Quantity of Water Transferred to Replace High-Cost Recha rge 
q4 Quantity of New Gr oundwate r Used in HSU 4 on M & l Requirements GW 
Quantity of New Groundwater Used for New Agricultura l 
Production (with salvage) 
Total Revenue to New Agricultural Production per Acre Foot 
in HSU 4. 
Table 7. Calculations of Annual Economic Costs of Institutional Constraint s on Uses of Locally 
















4 4 4 
MCTRANS MCLRECH MCHRECH MCGW 
79.00 71.65 77.65 49.65 
79.00 71.65 77.65 49.65 
79.00 71.65 77 . 65 49.65 
79 .00 71.65 77 . 65 49.65 
4NEW 4 4 
MCIJ.I QLRECH QHRECH QTRANS 




























Total Revenue per ac re foot of $13.00 less costs of new groundwater to agriculture which include 
$3.00 per acr e feet groundwater distribution, $1 . 00 per acre foot on farm operation and maintenance 
cost, and a minimum es timate of $2 . 50 per acre foot land development cost (10.10 per acre • 4 acre f e e t / 
acre water application). 
"' .... 
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Table 8 indicates th e present va lu e of the losses of produce r s ' 
13 
surplus t o institutional constraints. Table 9 indicates th e loss es of 
benef its to new irriga tion . 















13Factors a re : 



































10 Years: 7.728 at 5%; 7.023 at 7%; 5.650 a t 12% 
Discount present value 1: 
8 Years : .677 at 5%; .582 at 7%; .404 at 12% 
18 Years: .416 at 5%; .296 at 7%; • 130 at 12% 
28 Years: . 255 at 5%; .150 at 7%; .042 at 127o 
28 Years: . 157 at 5%; .076 at 7"1. ; .013 at 12% 
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TOTAL 4 , 063,000 
The present value of the losses is calculated by taking the discounted 
values of annua l costs or losses over the appropriate pe r iods, then 
discounted value of annual costs or losses over the appropriate periods, 
then discounting that sum to the pres en t. Note tha t producers' surplus 
losses are increasing over time and that the losses are de creasing for new 
agricultural applications. Therefore, discounting producers' surplus losses 
will be done using th e minimum cos t for the period, but an average loss t o 
new agricultural a pplication per period will be used. 
Total present va lue of the e conomic costs of institutional constraints 
on groundwate r pumping and restricted water salvage a re $27,971,000 at 5%; 
$24, 217,000 a t 7%; and $11, 659,000 at 12%. The losses are unde r estimates, 
since the 19 72 t o 1980 pe r iod i s no t cover e d due to lack of solu t ions fo r 
that period. In any event, relaxing the ins titutiona l cons traint s on use 
of locally available water should provide benefits t o society which are of 
magnitude sufficient to pay off signif i cant amounts of t he inves tmen t cos ts 
in the Bonneville Un it, particularly at lower in teres t rates. 
If public policy is both t o limit the deve lopment of locally ava ilable 
water and t o invest now s o that the r e turns are zero until 1985, the economic 
costs ar e even higher . Both loss of returns and loss of benefi ts must be 
taken into account. At 5%, the present value of the annual loss is 
approximately $ 1 0,000,000 and th e va lue of f oregone r e turns are approximately 
$60,000,000. Total loss approximates $90,000,000 or about seven t y percent 
of the cost of the project as contracted by the Conservancy District. 
Implications f or public poli cy 
The economic costs of both kinds of inefficient publi c policy a r e of 
such magnitude as t o wa rrant very serious consideratio n, e ven if the spe c i f i c 
values are only gross estimates. In fact, the payment contracted by the 
Central Utah Conservancy Board and used her e as the inves tment cost of the 
Bonneville Unit is not the entire cost of investing for agricultural and 
M & I transfers. Part of the reve nue ge ne rated by sales of power is us e d to 
subsidize agricultural deve lopment, although no estimate of the subsidy is 
presently available. In any case, public officials mu s t be aware that the 
costs of public polici es which force inefficient allocation of public funds 
and productive resources are very hi gh. 
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SUMMARY AND RECOMMENDATIONS 
Study objectives 
The study is made to determine the efficient allocations of agricultural 
water in Utah, with particular r efe r e nce to the Central Utah Project, by 
using the VHP and HC curves for agricultural uses. Once the efficient 
allocation is determined for th e present, al ternative projections for future 
requirements for water in H & I and wetland uses are developed in order to 
examine changes in water allocations over time. Finally, the economic 
costs of inefficient public policies are es timated. 
A general model (applicable to all resource allocations as well as to 
water) is developed in the theoretical treatment and modified to suit the 
purposes of this study. Specific mode ls using mathematical programming 
techniques are then used to determine optimal solutions which are the 
efficient allocations. Using solutions from the mathematical programming 
model, costs of deviations from efficient allocations are dete rmined. 
Allocation theory 
Since more than one use of water is relevant to the general allocation 
question, the VMP curve for each use is included in a total demand curve 
for water within a given region or HSU. Assuming no externalities and a 
perfectly competitive market, and using the total VHP curve and marginal 
cost curve for water within the HSU, th e efficient allocation can be determined. 
The efficiency of interbasin transfers can be determined by using an 
excess demand curve for one HSU, adjusted for transfer costs, as an 
additional demand curve in the HSU from which water will be transferred. 
The amount of water allocated among uses and the transfers is determined, 
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as a r e pr ices, for both HSU's. The price in the donating HSU plus the 
transfe r costs is the relevant price in the receiving HSU assuming there 
exists an efficient transfer. These allocations can be determined as well 
by using excess s upply (marginal cost) curves fo r the donating HSU. 
Deviations f rom the effic i e nt allocations cause e c onomic costs to 
s ocie t y in the form of hi ghe r costs and foregone benefits. Diffe r ences i n 
cos ts to users, both from the loss of producers' surpluses and r estr icted 
efficient quant ities of water used can be es tima t ed. Institutional 
constr aints upon water use and development must be charged with the costs 
of inefficiency which they ge ner ate . If, on the other hand , public 
investments are made to provide water trans fe r s which~e inefficient, then 
those facilit ie s l ie idle and the r e turn to a lternative i nves tment 
opportunities is foregone . 
Specific model 
Ma themat i cal programming models fo r annual cos ts of provision and 
value of productivity have been developed in previous research and r e ported 
by King , Mark H. Ande rson, and Thomas C. Anderson. Coefficients a nd 
constraint equations in the programming mode l are modi fied to include the 
interbasin transfers of water. Since data on the values of M & I and 
wetland uses is unavailable, the mode l is constructed using agricultural 
productivity as the variable demand, a nd M & I and we tland dive r sions as 
fi xed requirements at alternative l eve ls. Ne t profitability is maximized, 
which can only occur when the eff icie ncy conditions are met (or c l osely 
approached since t he constraints ar e 11 lumpy 11 ). 
Parameterization is carri ed out t o determine the effects on allocations 
of population changes fo r 1980, 1990 , 2000, and 2020 (see Tabl e 1). 
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Introduction and growth of the oil shale and fossil- f uel power electrical 
gener ating pl ants anticipated in Utah are also included in paramete ri za tion of 
M & I r equir ement s (s ee Tables 2 , J and 4). Alte rnative levels of wetland 
diver sions a r c used to sim11late potential low-cost water salvage . In addition , 
inflows t o the Gr eat Salt Lake are treated separately and parameterized to 
determine the effec t of maintaining various levels of the l ake and using the 
water upstream. 
Results 
Solutions to the model indicate that inves tments in the Bonneville Unit 
of the Central Utah Project will become efficiently only about the yea r 2000 
in order to provide necessary water by 2015, depending on the assumptions of 
the model (see Appendices 3, 4, and 5). Full development of the Bonneville 
Unit is dependent upon growth in water requirements in HSU 4, the Jordan 
River Unit, almost enti rely. The Ute India n Unit could not be ef ficiently 
fully developed until after the end of the study ' s time horizon (2020). 
The use of water salvaging practice s and the reduction of required 
inflows to Great Salt Lake have important impacts upon the allocations of 
water and timing of the development of transfer faciliti e s. Lowering the 
Great Sa lt Lake inflows alone postpones Bonneville Unit deve lopment by about 
fifteen years fo r each assumed reduction in inflow. Water salvage has 
approximately the same effect . Taken toge ther at maximum water usage, the 
full development of the Bonneville Unit is postponed until after 2020. 
If, however, present institutional restrictions on th e use of available 
local water sources, particularly on groundwater pumping continue to be 
enfor ced, full groundwater recharge is hastened, as is the efficient 
developmen t of the Bonneville Unit. 
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The model indica tes that the r e is sufficient water available in HSU 7 , 
the Up pe r Color ado Unit , to provide water fo r maximum Bonnevi lle Unit 
transfers, M & I and wetland demands in HSU 7 i nc lud i ng full oi l shale 
development, and all efficient allocations fo r local agriculture. Other 
HSU 1 s a lso have sufficient water to mee t increas ing M & I requireme nts, 
efficient levels of agricultural demand including all present irrigation 
r equi r ements , and outflow requirements for the s tate greater than the 
minimum fo r the Colorado River Compact . In fact, excess state outflows 
are sufficient t o provide full r a pid development of the power generation 
industry in HSU 8 and 9. 
Economic cos ts of two ineff icie nt public policies are examined. 
First, the costs of investing public funds in transfe r faciliti es of the 
Bonneville Unit prior t o an assume d appropriate time are determined . I t 
is assumed that the se facilities, insofar as a gricultural water trans fe r s 
are concerned, will lie idle and r e turns which might have accrued t o al t e rna-
tive publ i c inves tmen ts a r e fo r egone. The pres en t va lue of the foregone 
r e turns to al t ernat ive investment in publi c f unds are over ha l f the tota l 
inves tment cost fo r water us es i n the Bonneville Unit. At 5 pe r cent, almost 
eigh t y-five million dollars are foregone (Table 5). 
Second, th e economic costs of institutional~ constraining gr oundwate r 
pumping and water salvage is determined . The di ffe r ences between user 
costs for r echa r ged, transfe rre d water a nd locally ava ilab le gr oundwa t e r 
(the loss i n producers' and consumers' surplus) for the appropriate amoun ts 
of wate r us e are calculated. The fo r egone benefits to users which r esults 
from hi gher costs and, the r efore, less wa ter use, is a pproximated . The 
two costs ar e summed and discounted to the present . At 5 percent, the 
present va lue of the loss in benefits to users, over 20 million dollars, 
is suffic i ent to offs e t a significan t part of the public investment in 
the Bonnevil l e Unit. 
Conclusions 
(1) The timing of Bonnevill e Unit development t o its full 
capacity is dependent upon the water demands and r equirements 
in HSU 4. The use of alternative water sources, such as 
water salvage and interception of inf lows to the Great Salt 
Lake, have a delaying effect on the ef ficient use of the 
transfer s ystems. 
(2) Quantity of locally available wate r is not a limiting fac tor 
for economic growth in most HSU's, although some importation 
is efficient for HSU 5, the Sevier River Unit. However, 
development of subsidize d or o therwis e publically-encouraged 
i rrigation projects in HSU's 1, 5, 6, 7, 9 and 10 might 
alte r the availabil ity of water. In any event, M & I increases , 
including f ull oil shale and full fossil-fuel powered generation 
deve lopment, will be limited by quantity of water available. 
(3) The cost of ineffici ent allocation decisions on the part of 
public resource managers is of a magnitude sufficient to 
warrant careful and explicit consideration before decisions 
are r eached as to the timing of the development of the 
Bonneville Unit. If goals other than efficiency are cite d as 
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the r easons for i nefficient allocation decisions, then the 
achievement of those goals must share in the cost of in e fficie ncy . 
Direct transfers of public money may be a less-costly way t o 
achieve some of the other goals, such as income distribution 
or altered migration patterns . 
(4) An ap propriately -con s truc t ed mathematical programming 
mod e l base d on economic eff iciency criteria can be used 
to de termin e cost s for inefficie nt a llocation de ci s ions of 
resource manage r. 
Re commendations for further research 
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There are at least three important a r eas i n which the model can be 
improved with further r e search. 
First, while quantity of wate r available is, o f course , cr i tica l , 
quality of water may effectively limit water availability , and, therefore, 
efficient allocations. For example, if qua lity standards are established 
by the Colorado River Compact fo r the outflow of water from Ut ah, industrial 
and agricultural trea tment of r e turn flows may be required, adding to 
costs and/or lessening demands. Quality standards for r eturn flows in 
the Gr ea t Basin HSU 's ma y similarly be r eflected in allocations. The 
addition of quality constraints and alte rnative standards s hould be a 
prime goal o f further r esearch . 
Second, the inclusion of VMP curves forM & I uses would make the 
model more truly allocative. Until demand for M & I water is known, the 
effect of the increased costs of M & I and agricultural transfers and 
quality requirements cannot be accurately judged. Further research is 
definitely r equired if the model is t o indicate efficient allocations. 
Finally, th e coefficients used in the mod e l are taken as constants, 
even though they are drawn from stochastic distributions. The effec t of 
the variability of the coefficients is not known . St ochastically programming 
at least portions of the mode l in which large va riability occurs is a 
desirable goal for further research, and should provide a better knowledge 
of the model's applicability to problems in r esource allocation. 
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APPENDI X l(b) VARIABLE AND CONSTRAINT DESCRIPTIONS 
The f ollowinR nrc genera 1 descriptions o f the varinbles and constraint s 
as listed in the BCDOUT in Appendix l(c). 
Supply variables 
The following treatment of supply variables is taken directly from 
King (1972, pp. 62-9). 
Provisions have been made in the model for the t ransfer of additional 
Colorado River water into the Great Basin . This water is supplied by 
two units of the Central Utah Project, the Bonneville Unit, and the 
Ute Indian Unit; and by an additional small amount from HS U 8 designated 
as the Sevier Area. The water transferred by the Ute Indian Unit can be 
used in IIS U 3, 4, and 5 while that from the Bonneville Unit a nd Sevier 
Area is transferred t o HS U 4 and 5. The transferred water is assumed to 
be released into the local surface water pool and is not specified to 
fill any particular demand--this decision being left to the model. 
in 
The variables representing the Colorado River transfers are: 
which 





Q indicates this is 
BU indicates water 
Ul indicates water 
SA indicates water 
y 3, 4, 5 (as applicable) 
a quantity of water in acre feet/year, 
supplied by the Bonneville Unit, 
supplied by the Ute Indian Unit, 
supplied by the Sevier Ar ea, 
LSW indicates the water is supplied to the local surface water pool, 
Y indicates the HSU receiving the water, and 
MPT indicates the total water accumulated by the particular 
transfer fo r all destinations. 
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As an example , QUILSW3 is the quantity of water transferred by the 
Ute Indian Unit to the local surface water pool in HSU 3 (Weber River 
Basin). 
Local surf uce water 
The variables representing the quanti t y of local surface water 
allocated to meet the various demand within the same HSU are: 
in which 






X= 1, . . . , 9 , 0 
(The symbol "O" is used in the computer 
to r epresent HSU 10 for convenience.) 
P indicates this is an alloca t ion prese ntly in existence, 
Q indicates new development for AG and MI but total a llocation for WL, 
R indicates present plus new development, 
LSW indicates that local surface water is the source 
X indicates the HSU, 
AG indicates the water is being allocated to satisfy agricultural 
demand, 
MI indicates municipal and industrial demand, and 
WL indicates wetlands demand . 
In addition t o the in-basin diversions di scussed in the preceding 
paragraph, the model also allows for inter-basin transfer of local surface 
water. The variables represen ting these transfers are: 
in which 





l' 2' ... ' 9' 0 
l, 3, 4, 5, 6 (as applicab l e) 
SW indicate s the watt!r is supplied to t he local sur fac e wa t er pool, 
and 
P, Q, R, LSW , X, Yar e defined as above. Li s t ed below a r e the 
transfers considered in the model . 
X Transferred t o Y (HSU ) Variable 
2 to l Q only 
2 to J Q only 
J to 4 P, Q, a nd R 
4 to 5 Q on l y 
5 to 6 Q on l y 
7 t o 4 P on l y 
10 t o 6 P, Q and R 
Some inter - basin transfers presently in existence are allocate d 
directly to satisfy a particular demand. The va riab le s r e pre senting thes e 






Sufficient quantities of groundwate r ar e available to he lp mee t 
demands in HSU l through 7 and 10 . In HSU 8 and 9, th e existing gr oundwate r 
aquifers are insignificant and are not considered in the model. In the 
other eight HSU's, t he groundwa t er can be al l ocated to me e t the divers ions 
required for agricultural, municipal and industrial, and we tland demands. 
The va r iables repre senting the quantity of groundwater a llocate d to mee t 











GW i ndi cates th is is groundwa t er, 
1, 2, ... ' 7' 0 
FGW indicates this is gr oundwater f r ee l y available to wetlands, 
CGW indica t es t his is groundwate r which must be pumped t o wetlands 
and the r es t of the symbols a r e defined as above. 
Stored local surface water 
Be cause of th e difference between seasonal and long-term supply 
patte rn a nd the demand pa ttern, storage is required in order t o insure 
a sufficient supply of water. St ora ge of the l ocal surface wate r is 
provided in the HSU [o r use both in-basin as we 11 as for the inter-
bas in and Colorado River water transfe r s . The general forms of the 
variables for s t or age are: 
in which 




ST indicates s t or age, 
X 
DREQ indicates draft requirement 
1, 2 , •• . , 9, 0 
REC indicates excess wa ter above the draft r equirement which 
must be maintained to keep the r eservoir at present l eve l s 
fo r recr ea tional purposes, 
and the r es t of the symbols are defined as before. 
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Tiw rdationsh ip between draf t r equi r ement and stor age i s highly 
non-linea r. Since the functions are separable , use was made of a non-linea r 
t e chnique known as the 11 de lta me thod" to r epr esent these functions 
(Hadley, 1964 ). This method has been included with the linear programming 
capability of the Mathematical Programming System (MPS) 360 and is described 
a s separable programming. This r e quired the introduction of dummy 





1, 2, 9, 0 
l, 2, 3, 4 
D indicates the dummy variable r e lating draft and storage, 
X indicates the HSU, and 
Z is a counter to allow for more than one straight line segment 
in the fit to the non-linear curve. 
Evaporation loss 
Another group of variables in the model are those dealing with 
the ne t evaporation loss from major r eservoirs. Bear and Utah Lake s are 
used as major storage reservoirs, however, the evaporation lo ss from thes e 
two bodi es of wate r is deducte d from the basin yie ld to obtain the water that 
is available for allocation to the various demands. The variables used t o 
express evaporation loss from all other rese rvoirs are as follows: 
in which 
QLSWXEVX l 
WGWXEVX ~ X 
EV indicates this is evaporation loss 
1' 2, ... , 9' 0 
and the rest of the symbols a r e defined as above . 
The rela tionship hetwe en evaporation loss ~nd stora ge in llS U 2 and 4 




2 , 4 
l, 2, 
E indicates the dummy variable relating evaporation loss and storage 
and the rest of the symbols are defined as above. 
Return flow 
The return flow variables are another group of variables in the 
model . The return flows were conside red as an available source of 
supply and were added to the righthand-side of the constraint equations 
of both the available local surface water supply and the available 
groundwater supply. The variables used to express the return flows from 
the agricultural diversions are as follows: 
in which 
QARXLSWX) 
QARXGIX X • 1, 2, •.• , 9, 0 
AR indicates this is agricultural r eturn flow and the other 
in which 
symbols are defined as before. The variables representing 
municipal and industrial return flow are: 
q,IW. XLSWX) 
~XRX X 1, ... , 9, 0 
WW indicates this is waste water return flow from municipal and 
industria 1, 
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R indica t e s the waste wate r is recharged into the groundwate r 
aqu ifer, 
nnd th e r e :; t of th e sYmb o l s a rc de fine d as bc (ore . 
Groundwate r recharge 
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Provision was made in the model to allow for recharge of the existing 
groundwater aquifers. The variables r e presenting this type allocation 
are as follows : 
in which 
QLSWXRX l QLSWXRUX 
~XRX 
~XRUX 
X • 1, 2, . .. , 7, 0 
R indicates recharge in the groundwater aquifer, 
RU indicates recharge in the upper region of the river basin s 
with subsequent higher cost, 
and the rest of the symbols are defined as before. 
Another group of variables in the model are those showing the outflow 
from the various HSU's. These are ex pressed as : 
QLSWXOFX J QGWXOFX X = 1, 2, ... 9, 0 
in which 
OF indicates this is outflow 
and the rest of the symbols are as defined as above . 
Miscellaneous variable s 
In addition to the variables discussed in the preceding para graphs, 
there are also a few additional variables in the model which are included 
for convenience in writing the e quations. These ar e : 
AX LSWX r ep r esent s the local surface wate r from IISU x which 
is consumed in II SU X, X = 7 and 8 
QAGXLSWX r epresents the exces s water that is a lloca t ed t o the 
loca l surface water pool due to a reduction in 
agricultural demands over time in HSU 3, 4, and 8. 
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QAGXGWX represents the same a llocation to groundwater in HSU 3 , 4 and 8 
QEVX represents the evaporation loss in HSU X, X = 2 and 4. 
Changes which have been made i n the supply model as described above 
limit the ap plication of pr esently-deve l oped water t o pre sently -irrigated 
land, a lthough newly-developed water can be applied to presently -irrigated 
and newly -developed land . These changes are: 
Constraint Variables 
(1) PAGREQX : PLSWXAGX + PGWXAGX - PAGDVRTX ~ 0; and 
(2) QAGREQX: QLSWXAGX + QGWXAGX - QAGDVRTX - QAGDVTXP ~ 0 
The se changes both identify _n~w a nd pres en tly deve loped water, and s erve 
to make the agricultural water use (AGREQX) a variable. 
The demand portion of the model includes the variables and cons traint 
names listed below. _ ~ AcJI tJ I Tj ) J PfJ,8 \ ~ 
Demand variables ( columns) ~I} Ac~ )~;;~ / '-'0~ L =% 
(1) @)Variables: PFTCST Identifies the net profit per acre foot -r 
of water applied to agriculture u~ 
~ .-SIIII(Q) (!III) identifies a given crop) units of _ .-r-- . 
~ that crop of activity to be s o ld ~
~ VIIII(Q) Units of crop or activity 
(The suffix Q indicates those values as applied to new production . ) 
(2) Production Variables : l~(Q) I ndica t es the amount of l and in production 
of a given crop where (1) "HH" indica t es 
the HSU and county, re s pe c t ively, to 
which the va riable applies as indicated 
in Appendix 2; (2) "M" indicates the l a nd 
class to which the variable applies 
(M = 1, . .. , 5); (3) "Y" indicates 
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the crop to which the variable appl i es 
as indicated: 
A = Alfa lfa 
F = Alfalfa a t ful l irrigation 
P Alfalfa at part ia l i rriga tion 
B = Barley 
N Nu r se crop (which is barley) 
C Cor n (for silage) 
S Sugar bee ts 
W Dry land whea t 
(3) Water Variables: CWTRU SE 
(CWTRUSQ) 
Indicat es consumptive water us e on 
present or new production activit i es 
in 11 X11 HSU 









Indicates present agricultural diversions 
to "X" HSU 
Indiates new agricultural diversions to 
new land in 11 X11 HSU 
Indi ca t es new diver sions to present land 
in "X" HSU 
Sums th e gr oss returns and costs over al l cr opp ing 
ac tivi t ies . 
Calculates the water consumed in agricultural 
activities in " X" HSU by county and land class 
(water diverted times consumption coefficients). 
De fines CWTRUS EX (CWTRUSXQ) 
Sums i rr igated land by HSU, county (AA), and 
land class (M). 
Sums all arable land by HSU, county (AA), and 
land clas s (M). 
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Appendix 2. Supply Costs of Water (from King, et.al., 1972) 
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FOR ALTERNATIVE ASSUMPTIONS 
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APPENDIX 3. AGRI CULTURAL LAND IN PRODUCTION 
FOR ALTERNATIVE AS SUMPTIONS 
(1000's of acres) 
Tab!<' 3 -A . ln[low to Gr eat Salt Lake > 500,000 acre feet/year and no salvage 
YEAR 1965 1980 1990 2000 2010 2020 
HSU 1 
Present 32.45 32.45 32.45 32.45 32.45 29.94 
New 6.59 4. 75 3.85 2.04 .24 
HSU 2 
Present 172.20 170.40 170.40 170.40 167 . 00 167. 00 
New 193.30 193.40 193.40 187.46 172.79 162. 71 
HSU 3 
Presen t 150.70 150.70 150.70 150.70 150 .70 140.40 
New I5.32 14.21 14.21 6.88 
HSU 4 
Present 174.00 174. 00 174.00 174.00 174.00 159.40 
New 90.98 65.77 65.77 29.54 
HSU 5 
Pres en t 196 . 80 196.80 196.80 196.80 196 .76 194.25 
New 
HSU 6 
Present 66.51 65.90 65.90 65.40 65.40 65.40 
New 
HSU 7 
Present 155.65 155.65 155.65 155.65 155.65 155.65 
New 
HSU 8 
Present 71.73 71.73 71.73 71.75 71.77 71.80 
New 57.49 57.49 57.48 55.46 53 .16 50.85 
HSU 9 
Present 14.84 14.84 14.84 14.84 14.84 14.84 
New 
HSU 10 
Present 19.40 19 .40 19.40 19.40 19 .40 19.40 
New 
174 
Table 3- R. Inflow t o Great Sa lt Lake 2 850,000 acre feet/year and No Salvage 
YEAR 1965 1980 1990 2000 20 10 2020 
HSU 
Present 32.45 32.45 32.45 32.45 32 .45 29.94 
New 6 .5 7 4. 76 3.85 
HS U 2 
Present 172.20 172.40 170.40 170 .40 167.00 16 7. 00 
New 193.40 193.40 193.40 187.46 172. 79 162.7 1 
HSU 3 
Present 150. 70 150.70 140.40 140.40 140 .40 140.40 
New 9 .85 
HSU 4 
Present 174.00 174.00 174.00 174.00 174.00 174.00 
New 71.51 41.50 11.36 
HSU 5 
Present 196.80 196.80 196.80 196.80 196. 76 190.07 
New 
HSU 6 
Present 66.51 65.90 65.60 65 .40 65 .40 65 .40 
New 
HSU 7 
Present 155. 65 155.65 155.65 155.65 155.65 155.65 
New 
HSU 8 
Present 71.7 3 71.73 71.73 71.75 71.77 71.80 
New 57.49 57 . 49 57.49 55.46 53.16 50 . 85 
HSU 9 
Present 14.84 14.84 14.84 14.84 14.84 14.84 
New 
HSU 10 
Prese nt 19 . 40 19.40 19.40 19. 40 19.40 19 . 40 
New 
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Table 3-C. Inflow to Great Sa lt Lake':_ 1,014,000 acre feet/year and no 
salvage 
YEA R 1965 1980 1990 2000 2010 2020 
HSU 1 
Present 32.45 32 .45 32.45 32.45 32.45 28.80 
New 6.57 3.62 2.15 
HSU 2 
Present 170.40 167.00 167.00 16 7 0 00 167.00 167.00 
New 184.81 184,40 184.40 156.81 110,61 87.14 
HSU 3 
Present 140.40 140.40 140.40 140.40 140 . 40 133.50 
New 9.21 
HSU 4 
Present 174.00 174 . 00 174.00 174 . 00 174.00 164.80 
New 22.33 
HSU 5 
Precen t 196.80 196.80 196.80 190.87 190.67 190.07 
New 
HSU 6 
Present 66.51 65.91 65.60 65.40 65 .40 65.40 
New 
HSU 7 
Present 155.65 155.65 155.65 155 . 65 155.65 153.86 
New 
HSU 8 
Present 71.73 71.73 71.73 71.75 71.77 71. 79 
New 57.49 57.49 57.49 55.46 53. 16 50.85 
HSU 9 
Present 14.84 14.84 14.84 14.84 14.84 14.84 
New 
HSU 10 
Pres ent 19.40 19.40 19.40 19.40 19.40 19.40 
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Table 3-D. Inflow t o Great Salt Lake > 850,000 acre feet/y ear with salvage 
YEAR 1965 1980 1990 2000 2010 2020 
HSU 1 
Present 32 . 45 32 .45 32.45 32.45 32.45 32 .45 
New 19.05 14.60 12.38 7.94 3.49 
HSU 2 
Present 16 7. 00 167.00 167.00 167.00 167.00 16 7. 00 
New 110.61 110.61 110.61 110.61 110.61 110.61 
HSU 3 
Prese nt 150 .70 150.70 150.70 150.70 150.70 140.40 
New 15.32 14.21 14.21 6. 87 
HSU 4 
Present 174.00 174.00 174.00 174.00 174.00 159.40 
New 102.26 84.45 67.34 51.39 
HSU 5 
Present 198.85 196.80 196.80 198.10 196.80 196.05 
New 
HSU 6 
Present 66.51 65.90 65.60 65.40 65 . 40 65.40 
New 
HSU 7 
Present 155. 65 155.65 155.65 155.65 155 . 65 155.65 
New 
HSU 8 
Present 71.73 71. 7J 71. 73 71.75 71.77 71.80 
New 57.49 57.49 57.49 55.46 53.16 50.85 
HSU 9 
Present 14.84 14.84 14.84 14.84 14.84 14.84 
New 
HSU 10 
Present 19.40 19.40 19.40 19.40 19.40 19 .40 
New 
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Table 3-E. Inflow to Great Salt Lake .:. 1,014,000 acre f eet/year with salva ge 
YEAR 196:' 1980 1990 2000 2010 2020 
HSU 1 
Present 32 . 45 32.45 32.45 32.45 32 . 45 29.94 
New 19.05 14.60 9.84 2. 04 
HSU 2 
Present 16 7. 00 16 7. 00 167.00 167.00 167.00 167.00 
New 110.61 110. 61 110.61 110. 61 110.61 110.61 
HSU 3 
Present 150. 70 150.70 150.70 150.70 140 .40 140.40 
New 15.32 14.15 
HSU 4 
Pr esent 174 . 00 174.00 174.00 174.00 174.00 174.00 
New 102.26 84.45 67.34 37 . 29 
HSU 5 
Present 198.85 196.80 196.80 196.80 196.76 192.90 
New 
HSU 6 
Present 66.51 65.90 65.60 65.40 65 . 40 65.40 
New 
HS U 7 
Present 155.65 155.65 155.65 155.65 155.65 155.65 
New 
HSU 8 
Present 71. 7 3 71.73 71.73 71.75 71.77 71.80 
New 57.49 57.49 57.49 57.46 53.16 50.85 
HSU 9 
Present 14.84 14.84 14.84 14.84 14.84 14.84 
New 
HSU 10 
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APPENDIX 4 WATER ALLOCATION FLOWS BY SOLUTION 
The following series of fl ow charts are the solutions generated by 
parameterizations of alternative policy assumptions in the model (see 
Table 6), The schematic diagram includes diversion through the Bonneville 
Unit (BU Hexagon), Ute Indian Uni t (UI Hexagon), and the Sevier Area 
Tran~fer (SA Hexagon). Other symbols are: 
MI: M & I Requirement 
WL: Wetlands Requirement 
AG: Agricultural Diversion 
LSW: Local Surface Water 
GW: Local Ground Water 
AV: Available Water 
EV: Evaporation 
DR: Draft Requirement 
ST: Storage Requirement 
OF: Outflows 
Arrows indicate direction of use of water. All MI to GW flows are 
recharges. All arrows correspond to water allocations or transfers 
discussed in Appendix l(b) and listed in Appendix l(c). 
APPENDIX 4 FLOW DIAGRAM FOR AL LOCAT ION MODEL 
P = p ruently 
developed Figure 4.A, {ill Inflow to Great Salt Lake it SOO , 000 a c re·feet 
No Salvage 
0 = newly de veloped 
(I) Year: 196S 
Figu r e. in 1000 acre·Ceet 
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APPENDI X 4 FLOW DIAGRAM FOR ALLOCATION MODEL 
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APPENDIX 4 FLOW DIAGRAM FOR ALLOCATION MODEL 
Figu re 4 -A .( a ) (31 Yea r-:: 1qqo 
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APPEN DIX 4 FLOW DIAGRAM FOR ALLOCATION MODEL 
Figure 4-A.(al (4) Ye a r: l OOO 
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A PPENDIX 4 FLOW DIAGRAM FOR AL LOCATION MODEL 
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APPENDIX 4 FLOW DIAGRAM FOR ALLOCATION MODEL 
APPENDIX 4 FLOW DIAGRAM FOR ALLOCAT ION MODEL 
F igure 4 - A( bl In fl ow to Gre1tt Salt Ldkr ~ 8'>0 , 000 no ulv age 
(I) yea r ~ 1%') 
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APPENDIX 4 FLOW DIAGRAM FOR ALLOCATION MODEL 
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APPENDIX 4 •LOW DIAGRAM FOR ALLOCATION MODEL 
Figure 4-A. /bJ {II YPilr ~ 1'11 '1 
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FLOW DIAGRAM FOR ALLOCATION MODEL 
n"u re 4-A . {b) (4) Ye• r "' lO OO 
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APPENDIX 4 FLOW DIAGRAM FOR ALLOCATION MODEL 
F'i~urfl 4-A. (bl ('!II Ye ar , l ll !ll 
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APPENDIX 4 FLOW DIAGRAM FOR ALLOCATION MODEL 
F 1gure 4 -A. tbl (td Year - !OlO 
APPENDIX 4 FLOW DIAGRAM FOR ALLOCATION MODEL 
rigurr 4·A. !<= I Jn n ow to G r eat Salt L"ke ;e: !,0 14, 000 acre·feet 
No Sil lvage 
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APPCNDIX 4 FLOW DIAGRAM FOR AL LOCAT ION MODEL 
F'iRure 4-A. {c) ill Yur \ '111:0 
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APPF. N OIX ·I FLOW DIAGRAM FOR ALLOC ATION MODEL 
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,-
A. PPENOIX 4 FLOW DIAGRAM FOR ALLOCATION MODEL 
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APPENDIX 4 FLOW DIAGRAM FOR ALLOCATION MOOEL 
Figure 4·A . 1(' 1 (5) Y e a r - lO I O 
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APPE N DIX ~ FLOW OIAGRAM FOR ALLOCAT ION MOOEL 
Futu re ~ - A . \r l /(.1 Yea r = lOZO 
APPENDIX 4 FLOW DIAGRAM FOR ALLOCAT ION MODEL 
FiQu re " - A. (d l InO ow to Great Sa tt Lakf'! 8SO, 000 acre-ff'el 
With S<i\va jlf' 
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APPENDIX 4 FLOW DIAGRAM FOR ALLOCATION MODEL 
Figure 4-A. ldJ ll ) Year : [Q'fO 
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FLOW DIAGRAM FOR ALLOCATION MODEL 
Figure 4 - A. (dl IJI Year t "l't' 
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APPENDIX 4 FLOW DIAGRAM FOR ALLOCATION MODEL 
Fi((ure 4 - A. (d) (4 ) y,.ar . lOO O 
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APPENDIX 4 FLOW DIAGRAM FOR ALLOCATION MODEL 
figure 4-A. (d) (SI Yeu 3 lOIO 
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APPF.:NDIX 4 FLOW DIAGRAM FOR ALLOCATION MODEL 
Fi"u r e 4 - A. (dl tr.l Y~ar "' ZOZO 
FLOW DIAGRAM FOR ALLOCATION MODEL 
Fig ure 4 - A, (eJ Inflow 10 G rf'al Sitll l.ak,..!: I 0 14,000 .u: r~-reet 
With Sa \va11.~ 
Ill Yea r " [Qf,') 
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APPENDIX 4 FLOW DIAGRAM FOR ALLOCATION MODEL 
Figure 4-A. (e) (ll Yf'ar " 1'180 
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FLOW DIAGRAM FOR ALLOCATION MODEL 
Figure 4-A. (el 01 Year : 1q90 
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FLOW DIAGRAM FOR ALLOCATION MODEL 
F i gure 4 -A. ~) {4) Yt:a r lOOf'l 
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APPENDIX 4 FLOW DIAGRAM FOR ALLOCATION MODEL 
Firu r e 4 - A . (el (51 Yea r • ZOIO 
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FLOW DIAGRAM FOR ALLOCATION MODEL 
F' i gu re 4 - A. (e ) (61 Y~ar lfllO 
APPENDIX 5 
TEMPORAl Q! STRIBJJTIONS OF 
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Figure 5-A. Cup Diversions, INFLO GSL > 
500,000 without salvage 
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1965 70 75 80 85 
Figure 5- C. Cup Diversions, INFLO GSL > 
1, 014,000 without salvage.-
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Figur e 5-D. 
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Cup Divers ions, INFLO GS L > 
850,000 with salvage -
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Figure 5- E. Cup Diversions, INFLO GSL > 
1,014,000 with sa lvage -
Bonneville Un it To t al 
To HSU 5 
To HSU 4 
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